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            Abstract
Gene-editing technologies, which include the CRISPRâ€“Cas nucleases1,2,3 and CRISPR base editors4,5, have the potential to permanently modify disease-causing genes in patients6. The demonstration of durable editing in target organs of nonhuman primates is a key step before in vivo administration of gene editors to patients in clinical trials. Here we demonstrate that CRISPR base editors that are delivered in vivo using lipid nanoparticles can efficiently and precisely modify disease-related genes in living cynomolgus monkeys (Macaca fascicularis). We observed a near-complete knockdown of PCSK9 in the liver after a single infusion of lipid nanoparticles, with concomitant reductions in blood levels of PCSK9 and low-density lipoprotein cholesterol of approximately 90% and about 60%, respectively; all of these changes remained stable for at least 8Â months after a single-dose treatment. In addition to supporting a â€˜once-and-doneâ€™ approach to the reduction of low-density lipoprotein cholesterol and the treatment of atherosclerotic cardiovascular disease (the leading cause of death worldwide7), our results provide a proof-of-concept for how CRISPR base editors can be productively applied to make precise single-nucleotide changes in therapeutic target genes in the liver, and potentially in other organs.
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                    Fig. 1: Adenine base editing of PCSK9 in primary human hepatocytes, primary cynomolgus monkey hepatocytes and mice.


Fig. 2: Short-term effects of adenine base editing of PCSK9 in cynomolgus monkeys.


Fig. 3: Long-term effects of adenine base editing of PCSK9 in cynomolgus monkeys.


Fig. 4: Assessment of off-target editing in primary cynomolgus monkey hepatocytes and liver, and in primary human hepatocytes.
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                Data availability

              
              DNA and RNA sequencing data that support the findings of this study have been deposited in the NCBI Sequence Read Archive with the accession code PRJNA716270. All other data supporting the findings of this study (Figs. 1â€“4, Extended Data Figs. 1â€“9) are available within the Article and its Supplementary Information. The GRCh38 reference human genome (ftp.ncbi.nlm.nih.gov/genomes/all/GCA/000/001/405/GCA_000001405.15_GRCh38/seqs_for_alignment_pipelines.ucsc_ids/GCA_000001405.15_GRCh38_no_alt_analysis_set.fna.gz, ftp://ftp.ensembl.org/pub/release-98/fasta/homo_sapiens/dna/Homo_sapiens.GRCh38.dna.chromosome.{1-22,X,Y,MT}.fa and ftp://ftp.ensembl.org/pub/release-98/fasta/homo_sapiens/dna/Homo_sapiens.GRCh38.dna.nonchromosomal.fa) and Gencode v.34 (ftp://ftp.ebi.ac.uk/pub/databases/gencode/Gencode_human/release_34/gencode.v34.primary_assembly.annotation.gtf.gz) and Ensembl v.98 (ftp://ftp.ensembl.org/pub/release-98/gtf/homo_sapiens/Homo_sapiens.GRCh38.98.gtf.gz) annotations were used. The macFas5 cynomolgus monkey reference genome (ftp://ftp.ensembl.org/pub/release-98/fasta/macaca_fascicularis/dna/Macaca_fascicularis.Macaca_fascicularis_5.0.dna.chromosome.{1-20,X,MT}.fa.gz and ftp://ftp.ensembl.org/pub/release-98/fasta/macaca_fascicularis/dna/Macaca_fascicularis.Macaca_fascicularis_5.0.dna.nonchromosomal.fa.gz) was used.Â Source data are provided with this paper.

            

Code availability

              
              Custom codes used to analyse Digenome-seq data are provided in the Supplementary Information (files named digenome_step1.sh and digenome_step2.R), as are instructions (file named README.txt).
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Extended data figures and tables

Extended Data Fig. 1 Overview of base-editing approach.
a, Schematic of adenine base editing. b, Schematic showing potential splicing outcomes with disruption of splice donor or splice acceptor sequences. Other outcomes are possible, such as inclusion of part of the intron in the splicing product. c, Schematic with Sanger sequencing chromatogram, demonstrating editing of adenine base in the antisense strand at the splice donor at the end of PCSK9 exon 1 (PCR amplification from the genomic DNA of the cells transfected with a dose of 2,500Â ng mlâˆ’1 in Fig. 1b), portraying how splice-site disruption results in an in-frame stop codon. Heterozygosity for a naturally occurring single-nucleotide polymorphism (SNP) is evident downstream of the editing site.


Extended Data Fig. 2 Editing of splice-site adenine bases throughout the human PCSK9 gene with first set of ten candidate gRNAs.
Primary human hepatocytes were transfected at a dose of 5,000Â ng RNA per ml; the boldface underlined letter in each of the following protospacer/PAM sequences (in which the solidus indicates the division between the protospacer and PAM) indicates the target splice-site adenine base. The black box in each panel indicates the gRNA protospacer sequence. All panels were generated with CRISPResso2. a, PCSK9-1, CCCGCACCTTGGCGCAGCGG/TGG. b, PCSK9-2, GGTGGCTCACCAGCTCCAGC/AGG. c, PCSK9-3, GCTTACCTGTCTGTGGAAGC/GGG. d, PCSK9-4, TGCTTACCTGTCTGTGGAAG/CGG. e, PCSK9-5, TTGGAAAGACGGAGGCAGCC/TGG. f, PCSK9-6, GAAAGACGGAGGCAGCCTGG/TGG. g, PCSK9-7, TCCCAGGCCTGGAGTTTATT/CGG. h, PCSK9-8, AGCACCTACCTCGGGAGCTG/AGG. i, PCSK9-9, CTTTCCAGGTCATCACAGTT/GGG. j, PCSK9-10, CCTTTCCAGGTCATCACAGT/TGG.


Extended Data Fig. 3 Editing of splice-site adenine bases throughout the human PCSK9 gene with second set of ten candidate gRNAs.
Primary human hepatocytes were transfected at a dose of 5,000Â ng RNA per ml; the boldface underlined letter in each of the following protospacer/PAM sequences (in which the solidus indicates the division between the protospacer and PAM) indicates the target splice-site adenine base. The black box in each panel indicates the gRNA protospacer sequence. All panels were generated with CRISPResso2. a, PCSK9-11, TTTCCAGGTCATCACAGTTG/GGG. b, PCSK9-12, CTTACCTGCCCCATGGGTGC/TGG. c, PCSK9-13, TAAGGCCCAAGGGGGCAAGC/TGG. d, PCSK9-14, CCTCTTCACCTGCTCCTGAG/GGG. e, PCSK9-15, GCCTCTTCACCTGCTCCTGA/GGG. f, PCSK9-16, TTCACCTGCTCCTGAGGGGC/CGG. g, PCSK9-17, TCACCTGCTCCTGAGGGGCC/GGG. h, PCSK9-18, CCCAGGCTGCAGCTCCCACT/GGG. i, PCSK9-19, CCCCAGGCTGCAGCTCCCAC/TGG. j, PCSK9-20, GCAGGTGACCGTGGCCTGCG/AGG.


Extended Data Fig. 4 Editing of PCSK9 exon 1 splice-donor adenine base in mice and in cynomolgus monkeys.
aâ€“f, Representative liver samples from mice treated with LNPs with PCSK9-1m gRNA (portrayed in Fig. 1e). Protospacer/PAM sequence, CCCATACCTTGGAGCAACGG/CGG (in which the solidus indicates the division between the protospacer and PAM, and the boldface underlined letter indicates the target splice-donor adenine base). The black box in each panel indicates the gRNA protospacer sequence. All panels were generated with CRISPResso2. LNP doses were 2.0 mg kgâˆ’1 (a), 1.0 mg kgâˆ’1 (b), 0.5 mg kgâˆ’1 (c), 0.25 mg kgâˆ’1 (d), 0.125 mg kgâˆ’1 (e) and 0.05 mg kgâˆ’1 (f). gâ€“i, Representative liver samples from three monkeys treated with a dose of 1.0 mg kgâˆ’1 of LNPs with PCSK9-1 gRNA, portrayed in Fig. 2aâ€“d (treated monkeys 1, 2 and 3). Protospacer/PAM sequence, CCCGCACCTTGGCGCAGCGG/TGG (in which the solidus indicates the division between the protospacer and PAM, and the boldface underlined letter indicates the target splice-donor adenine base). The black box in each panel indicates the gRNA protospacer sequence. All panels were generated with CRISPResso2.


Extended Data Fig. 5 Liver function tests in short-term cynomolgus monkey studies.
a, Absolute values of blood levels of AST, ALT, alkaline phosphatase, Î³-glutamyltransferase, total bilirubin and albumin in the three LNP-treated monkeys in Fig. 2aâ€“d, as well as a contemporaneous control monkey that received PBS, at various time points up to 15Â days. nÂ =Â 1 blood sample per monkey at each time point. Some values are missing for the control monkey (all day 3 values, all later Î³-glutamyltransferase values). bâ€“g, Absolute values of blood levels of AST (b), ALT (c), alkaline phosphatase (d), Î³-glutamyltransferase (e), total bilirubin (f) and albumin (g) in the individual monkeys portrayed in Fig. 2eâ€“g, as well as in non-contemporaneous control monkeys that received PBS, at various time points up to 15 days. nÂ =Â 1 blood sample per monkey at each time point.
Source data


Extended Data Fig. 6 Pharmacokinetics of ABE8.8 and PCSK9-1 LNPs in cynomolgus monkeys.
a, Plasma levels of ionizable cationic lipid and PEG-lipid components of ABE8.8 and PCSK9-1 LNPs at various LNP doses in the monkeys portrayed in Fig. 2eâ€“g (meanÂ Â±Â s.d. for each group, nÂ =Â 3 monkeys per dose group) at various time points up to 2 weeks after treatment. llod, lower limit of detection. b, Liver ABE8.8 mRNA levels in monkeys that received a dose of 1.0 mg kgâˆ’1 LNPs (meanÂ Â±Â s.d. for each group, nÂ =Â 4 monkeys per necropsy group) at various time points up to 2 weeks after treatment.
Source data


Extended Data Fig. 7 Long-term effects of adenine base editing of PCSK9 on lipoprotein(a) in cynomolgus monkeys.
Changes in the blood lipoprotein(a) level in the six monkeys from Fig. 3a, comparing levels at various time points up to 238 days after treatment versus the baseline level before treatment. MeanÂ Â±Â s.d. for the LNP-treated group (nÂ =Â 4 monkeys) and mean for the control group (nÂ =Â 2 monkeys) at each time point). The dotted lines indicate 100% and 65% of baseline levels.
Source data


Extended Data Fig. 8 Long-term pharmacodynamic effects of adenine base editing of PCSK9 in cynomolgus monkeys.
aâ€“j, Absolute values of blood levels of LDL cholesterol (a), total cholesterol (b), high-density lipoprotein (HDL) cholesterol (c), triglycerides (d), AST (e), ALT (f), alkaline phosphatase (g), Î³-glutamyltransferase (h), total bilirubin (i) and albumin (j) in the individual monkeys portrayed in Fig. 3 (nÂ =Â 4 monkeys treated with a dose of 3.0 mg kgâˆ’1 of an LNP formulation with ABE8.8 mRNA and PCSK9-1 gRNA, and nÂ =Â 2 monkeys treated with PBS) at various time points up to 238 days after treatment. Shades of red represent LNP-treated monkeys, and shades of grey represent control monkeys.
Source data


Extended Data Fig. 9 Additional studies with cynomolgus monkeys receiving a dose of 3.0 mg kgâˆ’1 of LNPs.
Levels of liver editing of the PCSK9 exon 1 splice-donor adenine base (at day 15), blood AST and blood ALT. nÂ =Â 3 monkeys treated with PBS, nÂ =Â 4 monkeys treated with a dose of 3.0 mg kgâˆ’1 LNPs containing ABE8.8 mRNA and non-PCSK9-targeting gRNA and nÂ =Â 4 monkeys treated with a dose of 3.0 mg kgâˆ’1 ABE8.8 and PCSK9-1 LNPs. Bar indicates mean value at each time point.
Source data
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