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Progress and Harmonization of Gene Editing to Treat Human Diseases (Proceeding of COST Action CA21113 GenE-HumDi)

The European Cooperation in Science and Technology (COST) is an intergovernmental organization dedicated to funding and coordinating scientific and technological research in Europe, fostering collaboration among researchers and institutions across countries. Recently, COST Action funded the "Genome Editing to treat Human Diseases" (GenE-HumDi) network, uniting various stakeholders such as pharmaceutical companies, academic institutions, regulatory agencies, biotech firms, and patient advocacy groups. GenE-HumDi's primary objective is to expedite the application of genome editing for therapeutic purposes in treating human diseases. To achieve this goal, GenE-HumDi is organized in several working groups, each focusing on specific aspects. These groups aim to enhance genome editing technologies, assess delivery systems, address safety concerns, promote clinical translation, and develop regulatory guidelines. The network seeks to establish standard procedures and guidelines for these areas to standardize scientific practices and facilitate knowledge sharing. Furthermore, GenE-HumDi aims to communicate its findings to the public in accessible yet rigorous language, emphasizing genome editing's potential to revolutionize the treatment of many human diseases. The inaugural GenE-HumDi meeting, held in Granada, Spain, in March 2023, featured presentations from experts in the field, discussing recent breakthroughs in delivery methods, safety measures, clinical translation, and regulatory aspects related to gene editing.

J o u r n a l P r e -p r o o f

The COST Action GenE-HumDi network unites experts, pharmaceutical industry, academia, and regulatory authorities to accelerate genome editing for treating human diseases. GenE-HumDi's mission includes refining technology, ensuring safety, and promoting accessibility.

Introduction

Genome editors are transformative technologies that can address genetic causes of human diseases. Tremendous progress has been made across different classes of genome editors, from meganucleases, zinc finger nucleases (ZFNs), transcription activator-like endonucleases (TALENs), and Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR). The simplicity with which CRISPR genome editors can be programmed by a short-associated guide RNA (gRNA) has stimulated their broad application in life sciences research and clinical development. Exciting additions to the CRISPR editing toolbox include base editors (BE) that can precisely install certain point mutations and prime editors (PE) that can copy information in a prime editing gRNA (pegRNA) into a nicked DNA target. Each of these editors are now being rapidly developed into genome editing (GE) medicines, by both companies and academic groups. The first GE medicine, exa-J o u r n a l P r e -p r o o f cel, for treatment of sickle-cell disease (SCD) or transfusion-dependent betathalassemia (TDT) is expected to be FDA-approved in December 2023.

In the context of advancing scientific and technological innovation, the COST (European Cooperation in Science and Technology, cost.eu) provides a platform for researchers and experts to collaborate and exchange knowledge and expertise across different fields and disciplines. COST's central mission is to promote crossborder collaboration and networking among researches and institution spanning various European and neighbouring countries with the aim of advancing scientific and technological innovation in Europe. These initiatives involve a series of calls for projects, where researchers and institutions can submit proposals for scientific and technological projects related to the initiative's theme. The funding is provided to selected projects, which are expected to collaborate and network within the framework of the initiative. In particular, the COST Action GenE-HumDi, with 269 participants distributed across 38 countries (figure 1) is focused on exploring the use of GE to treat diseases that affect humans. Specifically, the GenE-HumDi Action aims to promote collaboration between academic institutions, pharmaceutical companies, hospitals, regulators, and patient advocacy associations to accelerate the translation of GE technologies into effective treatments for human diseases. During its four years of operation, the GenE-HumDi network (https://www.genehumdi.eu/) aims to regularly discuss the establishment of standard operating procedures (SOPs) and guidelines focusing on key areas for the accelerated translation of GE into the clinic: 1) design of improved GE tools and their delivery; 2) assessment of the safety of GE platforms; 3) creation of a roadmap J o u r n a l P r e -p r o o f for the translation of GE from bench to bedside; 4) mapping of industry engagement and intellectual property; and 5) evaluation and promotion of regulatory guidelines for GE clinical translation and commercialization. The implementation of GenE-HumDi, spanning 26 member countries of COST, is overseen by a Management Committee (MC) composed of national experts, as well as a Chair, Dr Karim Benbdellah, and a Vice-Chair, Dr Alessia Cavazza. The initiative has been structured into seven Working Groups (WG). A dedicated WG, named "Improvement of GE technologies" and led by Dr Rasmus O. Bak, has been established to consolidate information on the efficiency and specificity of various existing GE tools. A "Delivery Strategies" WG led by Dr Yonglun Luo has been established with the aim of evaluating the optimal delivery methods of different GE tools for each cell type, animal model and route of administration. The third WG, headed by Dr Ayal Hendel, focuses on "safety issues" related to GE. Its main objective is to outline and standardize current methodologies for assessing the cytotoxicity and genotoxicity of different GE platforms, including off-target and on-target effects, unintended recombination events, and cell population biases. A fourth WG, "Translation into the Clinic" led by Dr Alessia Cavazza, is dedicated to the multifaceted translational aspects of GE for clinical practice. The primary objective of this WG is to evaluate the status of GE clinical translation in Europe for rare inherited diseases, cancers, and infectious diseases, as well as to develop a roadmap for protocol adoption and manufacturing of GE-based medicines. The "Technological Transfer and Industry" WG headed by Monika Paule aims to draw guidelines to provide cost-effective GMPgrade sourcing of GE-based medicines and promote intellectual property management between collaborating partners. The WG focused on "Regulatory

J o u r n a l P r e -p r o o f

Issues", headed by Prof Toni Cathomen, aims to ensure the regulatory adequacy of preclinical models and methods used to assess the efficacy and safety of various in vivo and ex vivo GE tools. This WG group also aims to promote the development of regulatory guidelines for the translation of GE into clinical practice. Finally, a "Dissemination" WG led by Dr Lluis Montoliu focuses on the promulgation of the results stemming from our Action and the integration of research and data analysis to decrease knowledge fragmentation among partners and to communicate the relevant advances in this field to a wider non-scientific audience. Eighty-seven scientists belonging to the Gene-HumDi Action from both academia and industry from 29 different countries gathered at the Center for Genomics and Oncological Research (GENyO) for the inaugural meeting of the Action (13 th -15 th March 2023, Granada, Spain), to review the state-of-the-art of the GE field and debate on its future directions. The following proceedings summarize key considerations and highlights from the meeting, which revolved around the seven main pillars of the Action. During his presentation, Giedrius Gasiunas (CasZyme, Vilnius, Lithuania) discussed the challenges associated with using the Cas9 proteins for GE applications. The requirement for a protospacer adjacent motif (PAM) to bind to a target, the lack of specificity, and size limitations for its viral delivery are significant obstacles for Cas9-based GE. To overcome these challenges, Gasiunas and his team explored the natural variation of Cas enzymes to develop RNAguided tools with diverse and potentially beneficial properties [START_REF] Gasiunas | A catalogue of biochemically diverse CRISPR-Cas9 orthologs[END_REF] . Through biochemical screens of Cas9 orthologues of the type II family and Cas12 proteins J o u r n a l P r e -p r o o f from the novel type V family, the team found a wide range of activities both in vitro and in cellula, making them an attractive alternative to traditional Cas9 enzymes [START_REF] Urbaitis | A new family of CRISPR-type V nucleases with C-rich PAM recognition[END_REF] .

Improving Gene Editing Technologies

Development

Similarly, Lluis Montoliu (CNB-CSIC, Madrid, Spain) presented a collaborative effort leading to the resurrection of some CRISPR-associated nucleases from tens to thousands of millions of years ago, obtained through statistical inference applying a maximum likelihood approach, while searching for novel Cas nucleases from bacteria that might had not interact with human beings and, as such, had not being know by our immune system. He presented the corresponding validation experiments in human cells showing that these ancestral Cas nucleases were suitable for genome editing applications, with a comparable efficiency to nowadays nucleases [START_REF] Alonso-Lerma | Evolution of CRISPR-associated endonucleases as inferred from resurrected proteins[END_REF] . Marc Güell (Pompeu Fabra University, Barcelona, Spain) discussed the limitations of the CRISPR technology when employed to generate large genomic changes and the need for improved methods. To address this issue, Güell and colleagues combined the CRISPR system with the gene transfer capacity of transposases to create novel gene writers that can efficiently introduce large genomic changes with precise control [START_REF] Pallares-Masmitja | Find and cut-and-transfer (FiCAT) mammalian genome engineering[END_REF] . This new system, known as Find and cut-and Transfer (FiCAT) enables researchers to evolve and optimize CRISPR enzymes for a wide range of applications, including gene regulation and epigenetic modifications. Dusko Lainscek (National Institute of Chemistry, Slovenia) presented his work on augmenting the action of CRISPR/Cas9 system by noncovalent tethering of Cas9 protein to the exonuclease III via coiled-coil forming heterodimeric peptides (CCExo) [START_REF] Lainscek | Coiled-coil heterodimer-based recruitment of an exonuclease to CRISPR/Cas for enhanced gene editing[END_REF] . Indeed, bringing the exonuclease III into proximity of the Cas9-induced DSB results in additional DNA recessions with final larger deletions and increased J o u r n a l P r e -p r o o f rate of gene alterations. CCExo showed robust increased GE action determined for several different genes in various cell lines, as well in human primary cells and in somatic adult cells in vivo, with no additional undesired DNA cleavage observed by CIRCLE-seq. As such, this system could be applied to treat different diseases, which was exemplified by the speaker by using CCExo for targeting ¨the BCR-ABL1 fusion chromosome, a main cause of chronic myelogeneous leukaemia, in patient's cells and in xenograft animal model.

Strategies to deliver gene editing tools

Unlike the rapid and continuous development of GE technologies, approaches to deliver the GE cargos specifically and efficiently into the target cells and tissues are evolving at a much slower pace and now represent one of the major limiting factors in advancing CRISPR therapeutic applications. Although smaller or split Cas proteins were engineered to make them compatible with the low immunogenic and pathogenic adeno-associated viral (AAV) [START_REF] Davis | Efficient in vivo base editing via single adeno-associated viruses with sizeoptimized genomes encoding compact adenine base editors[END_REF] vectors, concerns are not fully addressed regarding the unintended off-target effects due to relatively high and long-term AAV-mediated CRISPR expression, as well as CRISPR-independent adverse effects associated with viral vector genome integration into host cells. Besides, it is vital to select the right delivery method to achieve a better GE outcome in term of efficiency, efficacy, and specificity depending on the GE strategies and applications chosen.

The overarching goal of the "Delivery Strategies" WG3 and session is to critically evaluate and identify the most effective ex vivo and in vivo delivery systems for GE applications (illustrated in Figure 3). Specifically, the different speakers assessed the J o u r n a l P r e -p r o o f suitability of various delivery methods for delivering genetic material to different cell types and animal models, with the aim of advancing the field of GE and promoting the development of novel therapeutic approaches, based either on viral and nonviral delivery systems. As excellently illustrated by Virginia Arechavala-Gomeza (Biobizkaia Health Research Institute, Bilbao, Spain), delivery of nucleic acid therapeutics has been the subject of much interest since early antisense oligonucleotide therapies were developed with mixed results [START_REF] Kinali | Local restoration of dystrophin expression with the morpholino oligomer AVI-4658 in Duchenne muscular dystrophy: a single-blind, placebo-controlled, dose-escalation, proof-of-concept study[END_REF][START_REF] Cirak | Exon skipping and dystrophin restoration in patients with Duchenne muscular dystrophy after systemic phosphorodiamidate morpholino oligomer treatment: an openlabel, phase 2, dose-escalation study[END_REF] : while therapies targeting tissues such as the eye or the central nervous system provided patients with life-changing therapeutic options [START_REF] Chiriboga | Results from a phase 1 study of nusinersen (ISIS-SMN(Rx)) in children with spinal muscular atrophy[END_REF] , others targeting the muscle showed limited clinical benefit [START_REF] Mendell | Comparison of Long-term Ambulatory Function in Patients with Duchenne Muscular Dystrophy Treated with Eteplirsen and Matched Natural History Controls[END_REF] . Researchers in the field soon realized that delivery was the main hurdle stopping these new drugs from reaching their full potential [START_REF] Godfrey | Delivery is key: lessons learnt from developing splice-switching antisense therapies[END_REF] . The issues related to the delivery of these compounds can be divided in two areas: access to target tissue and escape from the endosomes [START_REF] Dowdy | Delivery of RNA Therapeutics: The Great Endosomal Escape![END_REF] . Most nucleic acid therapeutics, and in particular GE tools, are too large and too charged to bypass these barriers on their own, hence there is an urgent need for alternative and more efficient delivery systems.

Rosario Sanchez (GENYO-UGR, Granada, Spain) presented on the use of non-viral nanoparticles as delivery systems for GE tools in cancer immunotherapy. They developed a multifunctional nanodevice capable of efficient delivery of CRISPR-Cas9 and GE tools to T cells, enhancing their ability to recognize and target cancer cells. Additionally, the potential of polymeric and plasmonic nanoparticles as delivery systems for mRNA-based therapeutics was discussed. Poly(lactic-coglycolic acid) PLGA nanoparticles offered protection and improved cellular uptake of mRNA, while plasmonic nanoparticles increased mRNA concentration and uptake J o u r n a l P r e -p r o o f through photothermal effects [START_REF] Qiu | PLGA-based drug delivery systems in treating bone tumors[END_REF][START_REF] Na | Polylactic-co-glycolic acid-based nanoparticles modified with peptides and other linkers cross the blood-brain barrier for targeted drug delivery[END_REF][START_REF] Abbasi | Structural parameters of nanoparticles affecting their toxicity for biomedical applications: a review[END_REF] . The presentation also compared PLGA nanoparticles and electroporation to deliver CRISPR/Cas9, highlighting their advantages and limitations in terms of effectiveness, specificity, and safety. Although PLGA nanoparticles showed lower editing efficiency compared to nucleofection, further improvements in encapsulation methods were suggested.

On the other hand, dendrimers represent a special family of polymers that are emerging as promising vectors for nucleic acid delivery by virtue of their welldefined dendritic structure and cooperative multivalency [START_REF] Chen | Amphiphilic Dendrimer Vectors for RNA Delivery: State-ofthe-Art and Future Perspective[END_REF][START_REF] Lyu | Self-Assembling Supramolecular Dendrimers for Biomedical Applications: Lessons Learned from Poly(amidoamine) Dendrimers[END_REF][START_REF] Xiong | Small Activating RNA Modulation of the G Protein-Coupled Receptor for Cancer Treatment[END_REF][START_REF] Chen | Cargo-selective and adaptive delivery of nucleic acid therapeutics by bolaamphiphilic dendrimers[END_REF][START_REF] Jiang | Dendrimer nanosystems for adaptive tumor-assisted drug delivery via extracellular vesicle hijacking[END_REF][START_REF] Chen | Synthesis and use of an amphiphilic dendrimer for siRNA delivery into primary immune cells[END_REF] . Ling Peng (Aix-Marseille Université, Marseille, France) discussed the potential application as well as limitations of amphiphilic dendrimers to improve endosome release in nucleic acid delivery. These conjugates can mimic lipid vectors and exploit membrane-fusionmediated delivery, while simultaneously retaining the multivalent properties of polymer vectors that allow endocytosis-based delivery benefiting from the protonsponge effect. In the future, researchers may investigate the potential of using amphiphilic dendrimers as delivery vehicles for various types of RNA therapeutics, such as antisense oligonucleotides for gene silencing, small activating RNA for gene activation, and mRNA and single guide RNA for GE.

Another emerging promising approach that is now widely utilized in clinical settings for the delivery of GE reagents involves the use of synthetic lipid nanoparticles (LNPs). By encapsulating specific gRNA and Cas9 mRNA, LNPs provide a DNA-free CRISPR delivery system that can be readily taken up by cells through endocytosis [START_REF] Van Hees | New approaches to moderate CRISPR-Cas9 activity: Addressing issues of cellular uptake and endosomal escape[END_REF] .

Julie Lund Petersen (Aarhus University, Aarhus, Denmark) discussed the formulation and utilization of LNPs for the encapsulation of CRISPR RNA. Notably, their research J o u r n a l P r e -p r o o f demonstrated the efficacy of LNPs in delivering GFP mRNA, as evidenced by the high levels of GFP expression observed in vitro in cultured cells and in vivo following subretinal and hippocampal injections in mice.

Safety Issues related to GE therapeutic applications.

Despite the revolutionary nature of CRISPR/Cas9 genome editing, concerns about its promiscuous nuclease activity and unintended off-target effects have been raised. The off-target activity may lead to the introduction of unintended insertions/deletions (indels) or structural variations, posing significant safety concerns. One approach to mitigate off-target genotoxicity involves the development of more specific nucleases, such as alternative Cas variants [START_REF] Cebrian-Serrano | CRISPR-Cas orthologues and variants: optimizing the repertoire, specificity and delivery of genome engineering tools[END_REF] . Another approach involves utilizing chemically modified gRNAs, which have been shown to increase both the efficiency and specificity of the system [START_REF] Allen | Using Synthetically Engineered Guide RNAs to Enhance CRISPR Genome Editing Systems in Mammalian Cells[END_REF] . Lastly, extensive research is dedicated to the development of sensitive assays and tools for the prediction and detection of off-target sites. Strategies aimed at enhancing sensitivity include the utilization of Cas9 overexpression systems, advancements in sequencing methods, and the development of improved computational algorithms. The insights gained from the off-target detection methods could in turn aid in the selection and refinement of more precise editing systems. Apart from off-target genotoxicity, additional toxicity concerns arise from the foreign DNA that may be used to deliver any of the editing components, be it by non-viral or viral vectors. The presence of J o u r n a l P r e -p r o o f foreign nucleic acids triggers DNA damage response (DDR) pathways, leading to cell cycle arrest, transcriptional blockage, reduced proliferation, and potentially apoptosis [START_REF] Allen | Homology-Directed-Repair-Based Genome Editing in HSPCs for the Treatment of Inborn Errors of Immunity and Blood Disorders[END_REF][START_REF] Dorset | The p53 challenge of hematopoietic stem cell gene editing[END_REF] . Ensuring safety in the various aspects described is of utmost importance, particularly as Cas9-based therapeutic GE has entered clinical trials.

Several talks focused on establishing a standardized protocol for the measurement and evaluation of on-and off-target activity, which included generating big data to develop models that better predict off-target activity. The speakers compared the prediction of cell-based, cell-free, and in-silico off-target identification methods and highlighted the need for a combination of experimental methods to assess the safety of gRNAs (reviewed in Figure 4). Shengdar Q. Tsai (St. Jude Children's Research Hospital, Memphis, USA) the keynote speaker of the meeting, discussed several cell-based and biochemical methods for understanding off-target effects, including integration-deficient lentiviral capture, high-throughput genome-wide translocation sequencing, and genome-wide unbiased identification of DSBs enabled by sequencing (GUIDE-seq), and Circularization for high-throughput analysis of nucleases genome-wide effects (CHANGE-seq) among others [START_REF] Tsai | GUIDE-seq enables genome-wide profiling of off-target cleavage by CRISPR-Cas nucleases[END_REF][START_REF] Lazzarotto | CHANGE-seq reveals genetic and epigenetic effects on CRISPR-Cas9 genome-wide activity[END_REF] . He highlighted the importance of using sensitive and unbiased methods for defining the potential safety and genotoxicity of editors through the lens of developing SCD genome editing therapies. Ayal Hendel (Bar-Ilan University, Ramat Gan, Israel) addressed the safety concerns involved in the development of an HDR-based correction strategy in CD34+ hematopoietic stem and progenitor cells (HSPCs). To assess potential off-target effects, the Hendel group implemented a two-step approach involving the identification of off-target sites using GUIDE-seq in a Cas9 overexpression system, and the quantification of their activity through rhAmpSeq.

J o u r n a l P r e -p r o o f

While high off-target activity was observed in a HEK-293 Cas9 cell line, the use of ribonucleoprotein (RNP) complexes and high-fidelity (Hi-Fi) Cas9 in CD34+ HSPCs significantly reduced toxicity [START_REF] Shapiro | Chemical Modification of Guide RNAs for Improved CRISPR Activity in CD34+ Human Hematopoietic Stem and Progenitor Cells[END_REF] . Hendel also discussed viral vector-related safety aspects, noting that viral HDR donors triggered a DDR proportional to the AAV multiplicity of infection (MOI) used [START_REF] Allen | High-Throughput Imaging of CRISPR-and Recombinant Adeno-Associated Virus-Induced DNA Damage Response in Human Hematopoietic Stem and Progenitor Cells[END_REF] . Furthermore, higher viral doses led to extended vector genome presence, decreased cell yields, and positive selection of unedited cells. However, by reducing the viral vector dosage, significant improvements were observed in HSPC survival, allowing successful T-cell differentiation of corrected SCID-RAG2 patient HSPCs in vitro [START_REF] Iancu | Multiplex HDR for disease and correction modeling of SCID by CRISPR genome editing in human HSPCs[END_REF] . These findings highlight that minimizing the viral vector dose tostrike a delicate balance between non-toxicity and optimal editing efficiency, is essential for upholding the highest standards of safety. Marcello Maresca (Astrazeneca, Molndal, Sweden) discussed the limitations of current strategies for mapping CRISPR/Cas9 off-target effects, which can impact their sensitivity. His team has developed a new off-target assessment workflow using duplex sequencing, which can increase the sensitivity of CRISPR/Cas9 mutation detection by one order of magnitude and the reduction of false positive and negative rates, which enabled the identification of previously missed off-target mutations associated with wild-type SpCas9 treatment in an in vivo humanized PCSK9 mouse model of hypercholesterolemia. In addition to this innovative technique, Maresca also discussed the development and features of a novel, precise Cas9 nuclease, known as PsCas9. This new nuclease shows high intrinsic specificity and is considered a promising alternative to SpCas9 for both research and clinical purposes in the field of genome editing. Maresca believes that using a highly sensitive off-target assay J o u r n a l P r e -p r o o f in conjunction with PsCas9 could provide more accurate genome editing treatments and safety assessment. [START_REF] Bestas | A Type II-B Cas9 nuclease with minimized off-targets and reduced chromosomal translocations in vivo[END_REF] Jan Gorodkin (University of Copenhagen, Copenhagen, Denmark) highlighted the challenge of balancing on-target efficiency and minimizing off-target effects when selecting gRNAs for a given genomic region,and emphasized the need for advanced computational tools to analyze and predict gRNA activity, as well as the importance of experimental validation to confirm the predicted results. In this regard, Gorodkin's team developed the CRISPRon/off framework, a computational methodology based on a deep learning-based predictor and a binding energy model, which aims to facilitate the selection of optimal CRISPR/Cas9 gRNAs for GE [START_REF] Anthon | CRISPRon/off: CRISPR/Cas9 on-and off-target gRNA design[END_REF][START_REF] Corsi | CRISPRroots: on-and off-target assessment of RNA-seq data in CRISPR-Cas9 edited cells[END_REF][START_REF] Corsi | CRISPR/Cas9 gRNA activity depends on free energy changes and on the target PAM context[END_REF][START_REF] Pan | Massively targeted evaluation of therapeutic CRISPR off-targets in cells[END_REF][START_REF] Xiang | Enhancing CRISPR-Cas9 gRNA efficiency prediction by data integration and deep learning[END_REF] . Its web interface (http://rth.dk/resources/crispr) provides easy access to the tools and allows users to input genomic regions of interest for gRNA design. The deep learning-based predictor uses a convolutional neural network to predict ontarget efficiency, while the binding energy model predicts off-target effects based on the binding energies of the gRNA and potential off-target [START_REF] Anthon | CRISPRon/off: CRISPR/Cas9 on-and off-target gRNA design[END_REF] . Stefan Seemann (University of Copenhagen, Copenhagen, Denmark) presented a tool called CRISPRroots which combines off-target predictions, variant calling, and differential expression analysis of RNA-seq data to evaluate successful on-target editing while also identifying any predicted off-target effects that could be contributing to the observed gene expression changes [START_REF] Corsi | CRISPRroots: on-and off-target assessment of RNA-seq data in CRISPR-Cas9 edited cells[END_REF] . The tool uses a combination of off-target predictions, variant calling, and differential expression analysis of RNAseq data to evaluate successful on-target effects while also identifying potential off-target effects in genes with altered expression. The method provides an unbiased analysis of somatic variants and differentially expressed genes linked to predicted on-and J o u r n a l P r e -p r o o f off-targets, allowing researchers to validate on-target edits and prioritize potential off-targets for experimental validation [START_REF] Corsi | CRISPRroots: on-and off-target assessment of RNA-seq data in CRISPR-Cas9 edited cells[END_REF] with other aberrations and highlighted the findings from using the CAST-Seq technology, revealing large deletions, inversions, and translocations at on-target sites, including unbalanced translocations and homology-mediated events. On a similar note, Toni Cathomen (Medical Center-University of Freiburg, Freiburg, Germany) discussed the concept of sensitivity and specificity when it comes to offtarget analysis. He explained that CAST-Seq has a high sensitivity, with a limit of detection of approximately 1 event in 10,000 cells. making CAST-Seq analysis more sensitive than traditional translocation assays [START_REF] Turchiano | Quantitative evaluation of chromosomal rearrangements in gene-edited human stem cells by CAST-Seq[END_REF] Importantly, the linear range for CAST-Seq analysis is 0.01% to 1%, allowing it to detect changes in the frequency of events within this range. In collaboration with AstraZeneca Cathomen's team tested J o u r n a l P r e -p r o o f CAST-seq in vivo edited samples using a CRISPR-Cas9 system targeting Pcsk9 with a "promiscuous" gRNA [START_REF] Akcakaya | In vivo CRISPR editing with no detectable genome-wide off-target mutations[END_REF] . They establish that out of the 99 off-target sites identified by CAST-seq, 90 could be tested by NGS and 88 of them were true off-target sites as further validated by using rhAmpSeq and CRISPECTOR [START_REF] Amit | CRISPECTOR provides accurate estimation of genome editing translocation and off-target activity from comparative NGS data[END_REF] .

As noted by Manuel Gonçalves (Leiden University Medical Centre, Leiden, Netherlands), achieving precise GE using programmable nucleases remains challenging mostly due to the prevalent repair of DSBs by non-homologous end joining (NHEJ) repair pathway rather than HDR. Besides local-and chromosomewide generation of complex structural variants [START_REF] Kosicki | Repair of double-strand breaks induced by CRISPR-Cas9 leads to large deletions and complex rearrangements[END_REF] , NHEJ can yield target protein imbalances and loss of cell fitness which limit the effectiveness of DSB-dependent GE approaches [START_REF] Chen | Expanding the editable genome and CRISPR-Cas9 versatility using DNA cuttingfree gene targeting based on in trans paired nicking[END_REF] . In addition, on-target DSBs are known to trigger the activation of P53, which hinders the effectiveness of GE in therapeutically relevant DNA damage sensitive stem cells [START_REF] Ihry | p53 inhibits CRISPR-Cas9 engineering in human pluripotent stem cells[END_REF][START_REF] Schiroli | Precise Gene Editing Preserves Hematopoietic Stem Cell Function following Transient p53-Mediated DNA Damage Response[END_REF] While the use of high-specificity programmable nucleases can dramatically reduce the occurrence of off-target DNA cleavage, they are not capable of eliminating the unintended effects caused by on-target DSB formation, with a high risk of affecting the function or fitness of edited cells. In this context, the Gonçalves' team is currently exploring HDR-based gene knock-in techniques that rely on conventional or high-specificity CRISPR-Cas9 nickases, as single-stranded DNA breaks (SSBs), or nicks, are not canonical NHEJ substrates 48 45 49 This research builds on earlier findings from his laboratory showing that although SSBs are per se poor HDR stimuli, simultaneous formation of SSBs at chromosomal sites and matching donor DNA constructs elicits HDR-mediated gene knock-ins while avoiding P53-dependent DDR activation 50 51 . Indeed, fostering otherwise inefficient SSB-dependent HDR such as by in trans paired nicking (ITPN) approaches allows for J o u r n a l P r e -p r o o f seamless chromosomal editing, including at multi-copy or essential genomic tracts [START_REF] Chen | Expanding the editable genome and CRISPR-Cas9 versatility using DNA cuttingfree gene targeting based on in trans paired nicking[END_REF][START_REF] Wang | Precise homology-directed installation of large genomic edits in human cells with cleaving and nicking high-specificity Cas9 variants[END_REF] . Moreover, ITPN could also be suitable for allele-specific editing [START_REF] Bollen | Efficient and error-free fluorescent gene tagging in human organoids without double-strand DNA cleavage[END_REF][START_REF] Fortschegger | Expression of RUNX1-JAK2 in Human Induced Pluripotent Stem Cell-Derived Hematopoietic Cells Activates the JAK-STAT and MYC Pathways[END_REF] , one-step biallelic editing [START_REF] Chen | In trans paired nicking triggers seamless genome editing without doublestranded DNA cutting[END_REF][START_REF] Bollen | Reconstructing single-cell karyotype alterations in colorectal cancer identifies punctuated and gradual diversification patterns[END_REF] , or knocking-in whole transgenes at safe harbor loci [START_REF] Chen | Expanding the editable genome and CRISPR-Cas9 versatility using DNA cuttingfree gene targeting based on in trans paired nicking[END_REF][START_REF] Wang | Precise homology-directed installation of large genomic edits in human cells with cleaving and nicking high-specificity Cas9 variants[END_REF] .

Translation of GE therapeutic platforms into the clinic

As recently pointed out [START_REF] Sahar | A systematic review of gene editing clinical trials[END_REF] , there are >70 GE clinical trials (with <10 sponsored by EU countries; clinicaltrialsregister.eu) currently ongoing or in the recruiting phase around the globe, highlighting the incredible pace at which the field has advanced in the last ten years, since the development of CRISPR as a GE tool. Of these trials, almost half were related to genetically modified T-cell based immunotherapies, 25% to viral infections and 35% to monogenic disorders, mostly affecting the hematopoietic system.One of the most exciting milestones in the field is likely represented by the imminent approval by US and European regulatory agencies of the first CRISPR-based medicine to treat SCD and -thalassemia (exacel). Clinical successes like exa-cel are bringing the potential of a GE-based treatment closer to patients, however more therapeutic opportunities are needed and further obstacles need to be addressed for a smooth transition from preclinical research to clinical applications. These include the urgent need to establish standardized protocols and procedures for GE manufacturing, delivery, and monitoring in clinical trials, as well as clearing key regulatory aspects of GE research and, critically, establishing a pricing framework for these innovative therapeutics.

The talks delivered during the "Translation into the clinic" WG session aimed at discussing the state-of-the-art of GE clinical translation for different diseases J o u r n a l P r e -p r o o f (depicted in Figure 5) and setting the stage for the development of a roadmap that could guide future research and investment in this promising field.

A series of presentations illustrated the preclinical and clinical development of GE strategies to treat genetic blood disorders, which are among the most advanced GE therapeutic applications now entering the clinic. The groups of Alessia Cavazza (University College London, London, United Kingdom) and Ayal Hendel (Bar-Ilan University, Ramat Gan, Israel) are devising HDR-based CRISPR/Cas GE platforms to treat various primary immunodeficiencies, such as Wiskott-Aldrich Syndrome, Syndrome RAG2-severe combined Immunodeficiency (RAG2-SCID), and X-linked SCID SCID-X1, that rely on the use of AAV6 donor vectors to introduce the corrective gene into its endogenous locus in HSPCs [START_REF] Iancu | Multiplex HDR for disease and correction modeling of SCID by CRISPR genome editing in human HSPCs[END_REF][START_REF] Rai | Targeted gene correction of human hematopoietic stem cells for the treatment of Wiskott -Aldrich Syndrome[END_REF] . Cavazza highlighted the challenges that need to be addressed when translating advanced therapies from bench to bedside, and in particular the plethora of technologies that are required to thoroughly assess correct manufacturing and safety of a GE product in late preclinical studies, pinpointing the importance of establishing standardized protocols and guidelines to streamline the access of these treatments to patients. The development of therapeutic strategies to treat such ultrarare genetic diseases entails a series of further complications, including the availability of patient samples and the need to implement newborn screening programs for early diagnosis of the disease to ensure therapeutic benefits from these GE strategies. In this regard, Hendel's lab has established a disease modelling system for several forms of SCIDs in primary human HSPCs using a multiplexed HDR platform based on CRISPR-Cas9-AAV6, thus allowing to easily assess the efficacy of a therapeutic approach while J o u r n a l P r e -p r o o f sparing precious patients' samples. Hemoglobinopathies such as SCD and β thalassemia, are the most frequent monogenic diseases worldwide affecting the production of the adult hemoglobin β-chain. The current curative treatment for this condition is allogeneic HSPC transplantation, however some of its limitations have pushed scientists to find alternative therapeutic options. CRISPR/Cas has emerged as a powerful tool to treat hemoglobinopathies and many approaches have been developed in the past few years, some of which have already reached the clinical stage. Shengdar Q. Tsai (St. Jude Children's Research Hospital, Memphis, USA) provided an overview of the encouraging outcomes of current clinical trials for exacel [START_REF] Frangoul | CRISPR-Cas9 Gene Editing for Sickle Cell Disease and beta-Thalassemia[END_REF] and shared his team's efforts to test an autologous genome-edited HSPC therapy for SCD at St. Jude Children's Research Hospital [START_REF] Traxler | A genome-editing strategy to treat beta-hemoglobinopathies that recapitulates a mutation associated with a benign genetic condition[END_REF] . Annarita Miccio (Imagine Institute, Paris, France) proposed to use BE as an alternative approach to correct prevalent β-thalassemic mutations, such as IVS1-110 G>A [START_REF] Hardouin | Adenine base editor-mediated correction of the common and severe IVS1-110 (G>A) beta-thalassemia mutation[END_REF] . This approach offers the potential to improve the efficacy and safety of autologous gene edited HSPCs transplantation, which is currently limited by the safety concerns raised by unwanted on-and off target events due to the cleavage of the Cas9 nuclease. Cells corrected via BE showed increased levels of adult hemoglobin production, leading to an improvement in the β-thalassemic phenotype. A similar approach shown by Annarita Miccio is the use of BEs to generate mutations in the -200 region of the fetal globin promoters that create a KLF1 activator binding site, with the aim of inducing the expression of fetal hemoglobin as a universal treatment for βhemoglobinopathies. She reported that correction of patient HSPCs using BE is safe and leads to reactivation of fetal hemoglobin at higher levels compared to a Cas9nuclease approach, while avoiding the generation of indels and large genomic J o u r n a l P r e -p r o o f rearrangements [START_REF] Antoniou | Base-editing-mediated dissection of a gamma-globin cis-regulatory element for the therapeutic reactivation of fetal hemoglobin expression[END_REF] . With shared interest in hemoglobinopathies, mutation-specific repair and fetal hemoglobin induction, Carsten W. Lederer (The Cyprus Institute of Neurology & Genetics, Nicosia, Cyprus) also introduced the concept of tagactivated microRNA (miRNA)-mediated endogene deactivation (TAMED) as a potentially general therapy and research approach [START_REF] Papasavva | CRISPR Editing Enables Consequential Tag-Activated MicroRNA-Mediated Endogene Deactivation[END_REF] . TAMED draws on targeted insertion of miRNA recognition site (MRS) tags and on endogenous miRNA expression to achieve lineage-specific silencing of tagged endogenes. For the abundant erythroid miR-451a and the use case of BCL11A downregulation based on tagging with miR-451a cognate MRSs, Lederer's team established proof of principle for TAMED, while concluding that therapeutically relevant efficiencies and wider application will depend on improved donor chemistries. [START_REF] Kountouris | Adapting the ACMG/AMP variant classification framework: A perspective from the ClinGen Hemoglobinopathy Variant Curation Expert Panel[END_REF][START_REF] Kountouris | The International Hemoglobinopathy Research Network (INHERENT): An international initiative to study the role of genetic modifiers in hemoglobinopathies[END_REF] .

Potential therapies employing nucleases and BE have been developed for other blood disorders, such as Fanconi anemia (FA), a rare inherited bone marrow failure syndrome. The main obstacle in treating this condition is the reduced number of HSPCs found in these patients, however once corrected these cells can ameliorate the diseases as shown in transplantation studies. Paula Rio (CIEMAT, Madrid, Spain) is optimizing gene editing strategies to correct HSPCs from FA patients. The team exploited BE to introduce a silent mutation in a safe harbour locus in HSPCs and observed editing efficiencies up to 80%, while preserving the clonogenic and long term repopulating ability of these cells [START_REF] Siegner | Adenine base editing efficiently restores the function of Fanconi anemia hematopoietic stem and progenitor cells[END_REF] . They employed a parallel approach using a gRNA to generate a therapeutic SNP in primary FA HSPCs achieving a 42-64% frequency of correction and a proliferative advantage of corrected cells. Overall, the findings demonstrate that various GE strategies can be used to correct mutations in J o u r n a l P r e -p r o o f FA patients and provide promising insights for the future clinical application of gene editing in FA.

Cancer immunotherapy is one of the most promising recent breakthroughs in medicine and aims at driving the patient's own immune system to fight tumour cells.

Within this field, cell-based immunotherapy using T cells engineered with chimeric antigen receptors (CARs) has gained momentum after the approval of several CAR-T cell-based medicines for the treatment of CD19+ B cell malignancies by both the FDA) and EMA [START_REF] Kochenderfer | B-cell depletion and remissions of malignancy along with cytokineassociated toxicity in a clinical trial of anti-CD19 chimeric-antigen-receptor-transduced T cells[END_REF] . GE is being utilized to optimize existing technologies, such as for example to manufacture "off-the-shelf" CAR-T cell products or to increase their safety, sensitivity and longevity through gene knock-out/knock-in [START_REF] Jo | Endowing universal CAR T-cell with immune-evasive properties using TALEN-gene editing[END_REF] . As such, GE applications in the context of cell-based immunotherapy has been the focus of many talks during the meeting. Karim Benabdellah (GENyO, Granada, Spain) presented the CARAML-EXO project, which aims to enhance CAR-T cell therapy for acute myeloid leukemia (AML). The project aims to generate safe and effective universal CAR-T lymphocytes by knocking out the T cell receptor (TCR) and PD1 genes, and establishing a suitable combination of TCR/PD/PD1 knock-out CAR-T subpopulations. Juan R. Rodriguez-Madoz's team (CIMA Universidad de Navarra, Navarra, Spain) has developed a novel approach using CRISPR-based GE technologies and virus-free gene-transfer strategies with Sleeping Beauty transposons. Their aim is to generate allogeneic CAR-T cells that are depleted of human leukocyte antigen class I (HLA-I) and TCR complexes. This one-step generation of edited CAR-T cells has been optimized for large-scale production, enabling their potential use in clinical settings. Finally, Noelia Maldonado-Pérez J o u r n a l P r e -p r o o f from Francisco Martin´s group (GENyO, Granada, Spain) investigated the efficacy and safety of generating off-the shelf TCR knock-out (KO) ARI CAR-T cells,(ARI CAR-T cells is the first academic CAR-T cell product authorized by the the Spanish Agency of Medicines and Medical Devices (AEMPS) under the "hospital exemption" approval pathway) Although KO leads to on-target large deletions that should be monitored as a potential safety issue, the data presented by Maldonado-Perez suggest that disrupting the TCR proves to be a viable strategy for producing functional allogenic ARI-0001 CAR-T cells with a similar phenotype and antitumor efficacy [START_REF] Maldonado-Perez | Efficacy and safety of universal (TCRKO) ARI-0001 CAR-T cells for the treatment of B-cell lymphoma[END_REF] .

Despite the potential clinical efficacy of GE combined with CAR T-cell therapy in hematologic diseases, challenges such as tumour heterogeneity, immune evasion, limited trafficking and persistence, adverse effects, immunosuppression, and manufacturing issues restrict their potential in treating solid tumour diseases or viral infections in immunosuppressed patients. Michael Schmueck-Henneresse's team (Charité-Universitätsmedizin Berlin, Germany) aims to overcome some of these challenges by understanding how T cells coordinate an effective immune memory against virus-infected or tumour cells and how this can be specifically modified for therapeutic purposes. They use CRISPR-Cas-based gene modifications to enhance T-cell migration to solid tumours through transgenic expression of chimeric receptors as a targeted adaptation of homing chemokine systems for CAR T cell products. Both Michael Schmueck-Henneresse and Gal Cafri (Sheba Medical Center, Ramat Gan, Israel) also discussed the use of effector T cells for the treatment of tumours and viral infections in vulnerable patients, as well as the clinical use of J o u r n a l P r e -p r o o f regulatory T cells after transplantation. On a similar note, Cristina Maccalli (Sidra Medicine, Doha, Qatar) employs genomic and immunological characterization of cancer stem cells to identify the mechanisms of resistance to T cell-mediated immune responses in solid tumours, increasing cell-based immunotherapy efficacy by selecting high affinity, antigen-specific TCRs.

A plethora of therapeutic GE applications for a variety of other diseases were also discussed. For example, Laura Torrella (CIMA, University of Navarra, Spain) is exploring the potential of GE to treat, a rare metabolic disorder that can lead to endstage renal failure and caused by mutations in the Hao1 gene [START_REF] Groothoff | Clinical practice recommendations for primary hyperoxaluria: an expert consensus statement from ERKNet and OxalEurope[END_REF] . Torrella developed GE strategies using CRISPR/Cas9 nickases delivered by AAV to the liver of a PH1 mouse model to treat PH1, showing reduced oxalate accumulation and prevention of renal damage. Jose Bonafont (DanausGT, Madrid, Spain) presented a GE-based curative approach for recessive dystrophic epidermolysis bullosa (RDEB), a rare skin genetic disorder caused by mutations in the COL7A1 gene, which encodes the type VII collagen protein (C7). Jose Bonafont used the CRISPR/Cas9 system to edit the genome of patients with RDEB. Specifically, two gRNAs were used to direct the Cas9 enzyme to cut the DNA at two specific sites within the COL7A1 gene, with the aim to delete the exon-bearing mutation and restore the production of functional type VII collagen [START_REF] Bonafont | Clinically Relevant Correction of Recessive Dystrophic Epidermolysis Bullosa by Dual sgRNA CRISPR/Cas9-Mediated Gene Editing[END_REF] . He also presented an HDR-based protocol to precisely correct the mutation by using CRISPR/Cas9 in combination with AAV6-donor template delivery [START_REF] Bonafont | Correction of recessive dystrophic epidermolysis bullosa by homologydirected repair-mediated genome editing[END_REF] .

Lastly, two speakers addressed the use of CRISPR-based disease modelling as a powerful tool for understanding disease mechanism, identifying potential employed hiPSCs to study the causative molecular mechanisms of HNF1A onset diabetes of the young (HNF1-MODY) which leads to increased risk for cardiovascular diseases and retinopathy [START_REF] Szopa | Prevalence of Retinopathy in Adult Patients with GCK-MODY and HNF1A-MODY[END_REF] . The Kachamakova-Trojanowska's team used CRISPR/Cas9 system to introduce mutations in the HNF1A gene in a healthy donor hiPSCs line. This approach allowed them to show that endothelial cells (ECs) derived from hiPSCs with mono-or biallelic mutations in the HNF1A gene exhibited increased vascular permeability in comparison to the respective control cells [START_REF] Kachamakova-Trojanowska | Human iPSCs-Derived Endothelial Cells with Mutation in HNF1A as a Model of Maturity-Onset Diabetes of the Young[END_REF] , which could contribute to the endothelial dysfunction observed in patients with HNF1A-MODY.

Regulatory Issues

The field of somatic GE trials is rapidly advancing in Europe and the United States, with a focus on cancer treatment and monogenic conditions. While the potential J o u r n a l P r e -p r o o f benefits of these therapies are apparent, the understanding of associated risks is still evolving. The WG on Regulatory Issues aims to facilitate the transition of these With the recent forthcoming approvals of gene editing medicines by European and American regulatory authorities, the field is rapidly progressing towards bringing innovative therapies closer to patients. However, challenges remain, including the need for standardized protocols related to safety, regulatory clarity, and establishment of pricing frameworks. The GenE-HumDi network is strongly committed to contribute significantly to overcoming these obstacles and driving the future of GE as a valuable alternative for treating a broad range of human diseases.

J o u r n a l P r e -p r o o f
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To induce insertion of large DNA regions, some systems utilize Cas9 fused to transposases, serine integrases (PASTE) or CRISPR-associated transposases (CASTs) to insert large donor DNA templates. PASTE inserts an attB site into the desired genomic location by prime editing, followed by the integration of the donor DNA via the serine integrase (e.g. BxbI) acting on the flanking attP site. The CAST system uses CRISPR-associated transposases to insert transposon DNA engineered to carry the desired cargo. To manipulate the transcriptional status of a gene, a nuclease-deactivated version of Cas9 (dCas9) is employed that maintains the ability to bind a specific DNA target. When fused to transcriptional activators or repressors, target genes can be dialed up or down. By instead using fusion proteins that regulate the epigenetic status of a gene, inherited epigenetic marks can lead to permanent modulation of transcription. 

  of GE technologies moves at an exceptional high pace. Fueled by the advent of the CRISPR/Cas technology, the community has seen over the past 10 years several new GE tools being developed and existing tools being refined. This has shaped major research areas in (1) conventional DNA editing methods relying on DNA double-strand breaks (DSBs), (2) DSB-free gene editing tools such as BE and PE, (3) tools that enable site-specific integration of large genetic payloads, and (4) genetic engineering tools that do not change the DNA code but instead edit RNA or manipulate epigenetic and/or transcriptional status J o u r n a l P r e -p r o o f of a gene. Various GE technologies have been developed and, while CRISPR/Casbased tools dominate the field, it is important to recognize alternative tools that have been evaluated in clinical studies, such as ZFNs and TALENs, as well as less embraced strategies for editing the genome. CRISPR/Cas was originally developed to introduce site-specific DNA breaks to edit genomic sequences, but as shown in Figure 2 it has been reconfigured and repurposed for a wide range of applications. Rasmus Bak (Aarhus University, Aarhus, Denmark) and Julian Grünewald (Technical University of Munich, Munich, Germany) presented some of the recent efforts made in developing and applying new tools for genetic engineering, including BE and PE, as well as CRISPR/Casbased transcriptional modulators 1,2 . These tools allow researchers to modify DNA in a more precise and controlled manner, with the potential to correct diseasecausing mutations and without the need to introduce DSBs at the target site. PE can create new DNA sequences by inserting, deleting, or replacing specific genomic sequences. CRISPR/Cas transcriptional modulators, on the other hand, allow researchers to turn genes on or off without changing the DNA sequence 3 .

  . Giandomenico Turchiano (University College London, London, United Kingdom) discussed the comprehensive characterization of genome stability in ex-vivo gene-edited primary cells. He presented various methods for evaluating mutations, including computer-based prediction of off-targets, in vitro and in-cellula DSB in DNA, in vitro base editor offtargets, and chromosomal aberrations. Turchiano emphasized the importance of using a combination of techniques to gain a comprehensive understanding of genome stability. He introduced the MEGA approach, which utilizes multiplexed droplet digital PCR (ddPCR) for mutation analysis, enabling the simultaneous detection and tracking of different types of mutations induced by designer nucleases. MEGA provided insights into DNA repair dynamics, quantified the presence of episomal AAV DNA, and proposed RNP thresholds to optimize HDR efficiency. Additionally, Turchiano discussed the association of low-frequency indels

  J o u r n a l P r e -p r o o f therapeutic targets, and testing new treatment approaches. Alejandro Garanto (Radboud University Medical Center, Nijmegen, The Netherlands) is working on the development of molecular therapies for inherited retinal diseases, with a special focus on Stargardt disease. The team has used GE tools in different ways: a) to correct or include variants to generate isogenic controls and verify pathogenicity upon differentiation to human retinal models; and b) to develop a novel therapeutic strategy to target pathogenic variants in ABCA4.Since the eye is a model organ for therapeutics, the overall goal is to halt or slow down the progression of the disease to improve the quality of life of the patients. Neli Kachamakova-Trojanowska (Malopolska Centre of Biotechnology, Jagiellonian University, Krakow, Poland)

  therapies from the lab to clinical trials by providing recommendations for evaluating their safety, quality, and addressing potential risks. During the first year of the Gene-HumDI Action, two members of the Spanish Agency of Medicines and Medical Devices (AEMPS) and Andalusian Network for the design and translation of Advanced Therapies (RAdyTA) have joined our network and more representatives from national regulatory bodies of many EU countries will be recruited in the following years to ensure a thorough discussion of important regulatory aspects necessary for the successful translation of GE into clinical applications. Toni Cathomen (Medical Center-University of Freiburg, Freiburg, Germany) focused on the regulatory considerations for safety analyses of genetically engineered cell products in clinical applications. Cathomen emphasized that on-target and offtarget aberrations are an inevitable side effect of engineering the genome. Regulatory agencies therefore require comprehensive off-target analyses in nonclinical studies to identify and mitigate the risk of genotoxicity. Incorporating regulatory requirements into the tests used for off-target analyses helps ensure that GE tools meet safety standards and increases the likelihood of regulatory approval for clinical use. Establishing common standards for quality control, data processing, performance parameters, and reference materials are hence crucial for accurate, reliable, and reproducible off-target analyses across different developers and platforms. Harmonizing these standards and parameters is essential for meeting regulatory guidelines and promoting the safe and effective use of GE technologies in clinical applications. María José del Pino, (AEMPS, Spain) and Gloria Carmona J o u r n a l P r e -p r o o f (RAdyTA) explained the different types of Advanced Therapy Medicinal Products (ATMPs) in the European and Spanish regulatory context, and where currently treatments based on GE are framed challenges related to ATMP regulation and translation into GMP facilities. They emphasized that Spain in general and Andalusia in particular a good host country and region respectively for the evaluation and implementation of clinical trials based on ATMPs, with multidisciplinary teams that have good experience in the evaluation and authorization of ATMP products. María José del Pino discussed the importance of scientific and regulatory advice in obtaining clinical trial authorization and marketing authorization for ATMPs and gene therapy. The assessment and counselling process for each product is conducted on a case-by-case basis, considering the unique characteristics of each ATMP, therapeutic area, and disease. There are three main pathways for assessment and counselling: (1) through the innovation office of AEMPS for non-profit institutions, academia, universities, start-ups, biotechnology, and pharmaceutical companies; (2) through EMA and its working groups, such as the Innovation Task Force or the Scientific Advice Working Party, as well as programs like STARS (Strengthening Regulatory Science); and (3) through the EU-Innovation Network (EU-IN), led by the Head of Medicines Agencies and the EMA, which addresses emerging topics requiring action by the European Medicines regulatory network. In particular, the EU-IN published the Horizon Scanning Genome Editing Report in 2021, providing guidance on regulatory considerations for the coming years. Conclusions J o u r n a l P r e -p r o o f The GenE-HumDi network, funded COST, represents a significant milestone in advancing the translation of genome editing technologies into effective treatments for human diseases. By fostering collaboration among diverse stakeholders, including researchers, pharmaceutical companies, regulatory agencies, and patient advocacy associations, GenE-HumDi aims to reduce knowledge fragmentation by harmonizing the state of the art of the GE field and facilitate the development of standardized procedures and guidelines. The network's first meeting showcased the recent breakthroughs and novel developments in the GE field, including delivery strategies, safety considerations, clinical translation, and regulatory aspects.
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