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Since their discovery, CRISPR systems have been repurposed for program-

mable targeted genomic editing, leading to applications for gene disruption,
single base editing, insertion, deletion, and manipulation of short genomic
sequences. Pairing Cas9 nickase with reverse transcriptase allows applications
for insertion, substitution, and deletion of short genomic sequences from an
RNA template without generating double stranded breaks however this tech-
nology typically shows reduced efficacy in post mitotic cells, limiting its
translatability in vivo. Here we present a novel, ligase-based method that
addresses these limiations. We introduce edits through delivery and ligation of
a synthetic DNA donor to genomic nicks created with Cas9 nickase and report
editing activity in cell lines, primary cell cultures, and adult mice via nonviral
delivery. With favorable on target outcomes compared to transcription-based
editing in key cell types, good tolerability, and deliverability, ligation-mediated

gene editing has the potential to further advance genomic medicine.

CRISPR/Cas9 revolutionized genome engineering due to its ease of
retargeting, requiring only modifying a portion of the RNA sequence of
CRISPR/Cas9 to match the genomic target'?. Cas9 was suited to gene
disruption as DNA cleavage resulted in double-strand breaks (DSBs).
However, deleterious side effects including heterogenous on-target
edit outcomes containing insertions or deletions (indels), potential off-
targets, chromosomal rearrangements, and even chromosomal loss,
discouraged its use for many genetic diseases’. Engineering of the
CRISPR/Cas9 system led to tools with greater finesse, such as single-
strand nicking (nCas9) or complete catalytic inactivation (dCas9).
dCas9 coupled with deaminases enabled specific single base changes*”
and combination of nCas9 with writing enzymes such as a Moloney
murine lentiviral reverse transcriptase (MMLV-RT, RT) and PhiC29
DNA polymerase allowed writing of any small corrections®’. However,
transcription-based editing is limited by decreased efficiencies of long
edits (>10 nucleotides (nt)) and poor performance in primary cells,

likely due to decreased intracellular ANTP pools®’. To circumvent
these observations, we sought out an editing method independent of
exogenous writing enzymes.

When nCas9 nicks the genome, it leaves behind a 3’ hydroxyl
group®. This moiety can be extended by RT but is also a suitable sub-
strate for DNA ligase, which in the presence of a heterologous DNA
donor, can result in DNA insertion. Pre-synthesizing the donor
removes the uncertainty of endogenous dNTP availability and sim-
plifies writing to a single step. To bring together guide and donor, we
devised a splinting DNA (splint) containing three hybridization
domains that bind to the donor, the ligase-mediated guide RNA
(ImgRNA), and the genomic target site. These three interactions serve
two key functions: efficient delivery of the donor via nCas9 ribonu-
cleoprotein (RNP) nuclear localization and alignment of the donor to
the nicked genomic flap for ligation. The inclusion of a nicking guide
(ngRNA) targeting the opposite strand approximately 50 - 100 base
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pairs (bp) away from the edit site improves efficiency and is employed
for all method comparisons.

Through chemical and sequence optimization of each oligonu-
cleotide component to improve affinity, stability, and activity, we
report efficiencies of small corrections (1-3 nt) in therapeutically
relevant loci up to 52.4% in HEK293T cells and 66.0% in primary human
hepatocytes (PHH) with up to 100.0% fidelity (percentage of edits
lacking any indels of total edits). Pairing two complexes together
(paired L-PGI, pL-PGl), we observe up to 82.4% total efficiency and
62.7% fidelity for placement of a 38 bp Bxbl1 integrase recognition site
(attB) in PHH. Using pL-PGI to place attB leads to 14.4% on-target
integration of a 30 kilobase (kb) transgene cargo when co-delivering
integrase and helper-dependent adenovirus template (HDAd), repre-
senting 59.6% usage of available attBs. pL-PGI demonstrates good
translatability across important model species in vitro, resulting in
similar or significantly superior efficiency and fidelity compared to
prime editing (PE). Lastly, we present mouse data showing 7.9% attB
placement using pL-PGI compared to 2.5% by dual PE, demonstrating
that the advantages of L-PGl seen in vitro translate in vivo. In summary,
due to its good tolerability, high potency, favorable fidelity and com-
patibility with therapeutically relevant delivery modalities such as lipid
nanoparticles (LNP), we believe L-PGI has the potential to expand the
gene editing toolbox and enable the development of treatments for
previously inaccessible genetically-driven diseases.

Results

L-PGI mechanism and optimization

Ligase-mediated programmable genomic integration (L-PGI) capita-
lizes on nicking of the non-target strand of the genome by nCas9,
leaving a free hydroxyl group on the 3’ DNA flap®. DNA ligase recog-
nizes the free 3’ DNA end and can directly modify the genome using a
donor DNA sequence containing a free 5’ phosphate. After ligation,
incorporation of the free 3’ end of the donor into the genome is aided
by a microhomology arm (10-20 nt) downstream of the edit. Using a
complementary DNA splint that contains a donor binding site (DBS),
genomic flap binding site (FBS) and guide binding site (GBS) to link the
donor, genome and 3’ end of a single guide RNA, all the editing com-
ponents can be colocalized to enable efficient gene editing (Fig. 1a).
The newly ligated donor DNA then competes with the endogenous
strand, with successful incorporation resulting in editing (Fig. 1b)°.
Using a Cy5-labeled dsDNA substrate in a biochemical assay, we con-
firmed that all reaction components were necessary for editing (Lane
3, Fig. 1c).

We leveraged a HEK293T reporter cell line containing a blue
fluorescent protein (BFP) that converts to green fluorescent protein
(GFP) upon successful editing of 3 nt at positions +2, +4, and +5 from
the nick for further development (Supplementary Fig. 1a)"°. Initial
experiments using an unmodified DNA splint did not yield detectable
GFP. However, substituting locked nucleic acids (LNAs) in the GBS and
DBS regions of the splint led to signal, likely due to increased stability
of the splint and its affinity for the donor and ImgRNA (Supplementary
Fig. 1b)"". We then systematically varied the lengths of the DBS, FBS,
and GBS and found that 22-26 nt, 11-13 nt and 19-20 nt resulted in the
highest GFP conversion for the three sequence components, respec-
tively (Fig. 1d-f). Optimization of LNA position and number led to a
splint design with LNAs alternating throughout the DBS and in the 3’
end of the GBS (Supplementary Fig. 1c). Addition of LNAs in the FBS did
not improve efficiency, perhaps due to undesirable spacer-FBS binding
(Supplementary Fig. 1d). Moving forward, we selected a 19 nt GBS, 13 nt
FBS, and 24 nt DBS, although locus-specific sequence optimization is
expected to further improve the system for individual targets.

We next explored other avenues for improving the L-PGI system,
including enzyme selection, mRNA architecture and in vitro tran-
scription (IVT) optimization. Initial work employed the well-char-
acterized, highly efficient T4 ligase. Compared with other ligases,

including human DNA ligase IV (hLig4) and PBCV-1 DNA ligase
(SplintR), T4 ligase consistently led to the highest GFP signal (Fig. 1g)".
We then investigated colocalization and fusion of nCas9 and ligase, as
these strategies had been successfully for other genome editing
technologies®. However, linking nCas9 and T4 ligase through either a
flexible peptide linker, self-cleaving peptide, or leucine zippers (LZ)
had either no effect or a detrimental effect on editing efficiencies
(Fig. 12)**. When LZ-based linking was used for SplintR, we found that
LZ placement strongly impacted efficiency in an orientation-
dependent manner (Supplementary Fig. 1e). We therefore included
LZ on the C-terminus of ligase and N-terminus of nCas9 for all designs,
hypothesizing that the gains for the lower efficiency ligase revealed
efficiency improvements obscured by the high activity of T4 ligase.
Finally, we found that including Nl-methylpseudouridine during
mRNAs production led to an almost 2-fold increase in GFP compared
to uridine (Supplementary Fig. 1f)". Based on these findings, we used
split LZ co-localized nCas9 and T4 ligase translated from NI-
methylpseudouridine mRNAs for subsequent L-PGI target efficiency
analysis.

In the absence of cellular machinery, editing by L-PGI is depen-
dent on all the components of the system. In cells, some editing was
achieved when T4 ligase or phosphorylation of the 5" end of donor
DNA were omitted, implying that endogenous DNA repair can aid in
L-PGI (Supplementary Fig. 1g). We determined that these events were
not due to the splint acting as a template for homology-directed repair
(HDR) by comparing L-PGI oligonucleotides with a BFP to GFP HDR
donor. Lastly, Cas9 co-delivered with splint and donor produced no
significant editing, suggesting that L-PGI edit is independent of HDR
(Supplementary Fig. 1h).

L-PGI for therapeutic targets

L-PGI can correct point mutations in disease-associated loci and
introduce longer edits. We explored a set of disease-relevant muta-
tions in HEK293T'**, and after extensive optimization of chemical
modifications, enzyme architecture, and transfection conditions, were
able to reach precise editing efficiencies of 25.8% to 52.4% for three
different loci with <1.5% indel generation for each edit (Supplementary
Fig. 2a-d). To enhance translatability into in vivo models and ther-
apeutic applications, we focused subsequent work on liver-associated
genomic targets in non-dividing primary human hepatocytes (PHH)
and devised an edit quality metric, fidelity, defined as the proportion of
sequencing reads aligned to the edit outcome with no insertions or
deletions. L-PGI oligonucleotide components were designed based on
high efficiency nCas9 spacers to install disease-relevant mutations in
wild-type cells, including H1069Q in ATP7B for Wilson’s disease and
C282Y in HFE for hemochromatosis”". In PHH, L-PGI demonstrated a
10-fold advantage in editing efficiency over PEMax at ATP/B, reaching
19.9% efficiency with 97.9% fidelity (Fig. 2a)*. Finding low efficiencies
with initial PE controls, we moved to comparisons with internally
engineered nCas9-RT variants with higher editing efficiencies, PE-TB1-3
(Fig. 2b)”. Against PE-TB2, L-PGl maintained a significant lead per-
forming the 2nt mutation at HFE (Fig. 2c).

We then explored the application of precision gene editing for
modification of target gene expression as a potential therapeutic
strategy for non-monogenic disorders. We selected APOAI as proof of
concept to treat cardiovascular disease’ and screened spacers within
the promoter region to induce 1 - 3 nt edits with either L-PGI or PE.
These edits would result in sequences resembling transcription factor
(TF) binding motifs, which might upregulate APOAI expression, lead-
ing to therapeutic benefit (Fig. 2d). We found up to 66.0% efficiency
with L-PGI compared to 48.0% with PE-TB3 at the same cut site and an
average of 13.1-point gain across all sites with comparable edit quality
(Fig. 2e, f).

Further, we explored the possibility of placing entire TF binding
sites. By shifting the placement of the homology arm in the donor or
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Fig. 1| Overview of ligase-mediated programmable genomic integration (L-PGI)
mechanism, biochemical proof of concept, and optimizations in a HEK293T
GFP reporter cell line. A Schematic diagram illustrating the L-PGI editing complex
and binding of all hybridization domains in oligonucleotides with star indicating
ligation site. B Diagram of edit incorporation for an A to C transversion. The donor
DNA (green) contains the desired edit with homologous sequence arms to the left
and the right of the base edit. After ligation, the donor competes with the endo-
genous strand for genome incorporation via the mismatch repair (MMR) pathway.
C Validation of edit strategy using recombinant protein and synthetic oligonucleo-
tides in vitro visualized by SDS-PAGE. Lane 1: 50 nt and 200 nt DNA fragment positive
controls representing the expected edit products. Lanes 2-5: L-PGI reactions con-
taining (+) or excluding components (-) as labeled. Lane 3 (red) shows expected edit
product only when all components are included. D Optimization of DBS/SBS length
with statistical comparison between 24 vs 26 nt and 26 vs 32 nt. E Optimization of
FBS length with statistical comparison of 9 vs 11 nt and 11 vs 13 nt. F Effect of splint

GBS and ImgRNA SBS lengths. Red = locked nucleic acid (LNA), blue = 2’ O-methy-
lation, purple = ribonucleic acid (RNA), black = DNA base, and * = phosphorothioate
bond. Nucleotide sequences are shown as they are bound to each other and in some
cases a part of the GBS or SBS functions as a single stranded linker. All splints include
the same DBS and FBS (not shown) and ImgRNAs include identical scaffolds and
spacers (not shown). G Testing linked and split mRNA architecture with varying
placements of leucine zippers (LZ), P2A, or XTEN linkers on nCas9 and either T4,
SplintR, or human ligase IV (hLig4) truncations. Untreated control represents
untransfected cells. D-G utilize the HEK293T GFP reporter cell line assayed by flow
cytometry and show results of biological replicates n = 3. Ordinary one-way ANOVA
without matching for Gaussian distributions used to calculate all p values.

H Summary of optimization results. All error bars represent standard deviation.
Source data are provided in Source Data file. Nucleotide reagents provided in Sup-
plementary Data 1-3, 6.
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Fig. 2 | Prime editing (PE) vs L-PGI for installation of point mutations in 3
disease-relevant loci in wild-type primary human hepatocytes (PHH). Results
shown for n =3 biological replicates for all experiments unless otherwise indicated.
A Efficiency and fidelity of 2 nt substitution of +5G to T and +8 G to T to install
H1069Q with silent mutation in ATP7B assayed by next generation sequencing
(NGS). L-PGI was compared to PE2, PE3, and PEMax. Ordinary one-way ANOVA
without matching with Gaussian distribution used to calculate p value for efficiency
comparison between PEMax and L-PGI. B Comparison of engineered nCas9-RT
variant controls with published mRNA sequences for placement of 38 bp Bxbl
attachment site (attB) in F9 intron 1 via twin PE mechanism using paired guides with
20 overlap in PHH assayed by digital droplet PCR (ddPCR). Unpaired T test and
ordinary one-way ANOVA with Gaussian distribution performed, respectively. n=2
for PE6 test condition only. C Efficiency and fidelity of 2 nt substitution of UGC to
UAU to install C282Y with silent mutation in HFE assayed by NGS. L-PGl is compared

SP4225 SP4275 SP4286 Control
Guide Spacer

e T T T
G PE-TB3 L-PGI L-PGI

(4 PE-TB3

to PE-TB2 (nCas9 fused to engineered RT). Ordinary one-way ANOVA performed for
efficiency to calculate p values, ns indicates not significant. n=2 for L-PGI test
condition only. D Schematic map showing location of guide target window in a
900 bp range spanning the transcription start site (TSS) preceding exon 2 of
APOAL E Efficiency of 1-3 nt substitutions performed by either PE or L-PGI shown
side by side using the same spacer sequences for either pegRNA or ImngRNA and
identical ngRNA by Sanger Sequencing and inference of CRISPR edits (ICE) analysis
against untreated control. Paired T test performed with estimation plot showing up
to 54.3 percentage gain in efficiency with average gain of 13.1 across all tested
spacers. F Edit quality comparison for subset of APOAI spacers showing compar-
able fidelity across loci and methods. SP4275 PE-TB3, SP4286, and SP4275 L-PGl test
conditions contain n = 2 biological replicates. All error bars represent standard
deviation. Source data are provided in Source Data file. Nucleotide reagents pro-
vided in Supplementary Data 1-4.

RT template, we attempted 14 bp edits as either a complete inser-
tion, shifting endogenous sequence downstream, or as a substitu-
tion by simultaneously excising endogenous sequence of the same
length (Fig. 3a). We found up to 34.9% total editing and superior
fidelity using L-PGI compared to 5.0% using RT-based (pegRNA)
editing (Fig. 3b, Supplementary Fig. 3a-d). Insertion generally out-
performed sequence substitution both by ligation and RT-based
methods likely due to the favorability of strand displacement closer
to the nick site. We found that L-PGI maintained a lower indel rate
across all small insertion types tested (Fig. 3¢). The additional errors
from PE appear as a combination of substitutions and indels and are
likely due to RT errors (Fig. 3d). Although substitution errors also
occur in L-PGlI, they are likely the result of errors during chemical
synthesis, which could be minimized with higher purity donors. We
then tested longer insertions, including a 38 bp Bxbl integrase
attachment site (attB), and found up to 11.8% correct editing with
L-PGI compared to 0.5% with RT (Fig. 3e). Though the edit outcomes
for attB insertion via L-PGI were still favorable compared to RT, we
observed a reduction in efficiency consistent with results in the GFP
reporter HEK293T line using longer donor lengths.

Paired L-PGI
To combat the efficiency drop with longer edits, we paired two L-PGI
complexes (paired L-PGlI, pL-PGI) to simultaneously introduce edits on
opposite strands of the genome (Fig. 4a). Donors can be designed
either containing exogenous sequence for gene replacement, or
complementary to the genome beyond the opposing nick for precise
deletion (Fig. 4b). In both scenarios, the genomic region between the
two nicks is excised by 5" exonuclease degradation®, resulting in a size
change detectable by gel electrophoresis following target
amplification®*”. We used pL-PGlI to either delete the C9ORF72 hex-
anucleotide repeat expansion in HEK293T cells (Supplementary
Fig. 4a) or replace the 131 bp region with a 38 bp Bxbl attB site (Sup-
plementary Fig. 4b). We quantified the frequency of these and addi-
tional edits using NGS amplicon sequencing and found that pL-PGI
could install a 33 bp Pa01 attB site at NOLCI locus in HEK293T cells with
~1.5-2-fold efficiency improvement over RT-based editing and ~60%
reduction in indels (Fig. 4c)*.

Evaluation in additional cell types showed that pL-PGI is also
active in hematopoietic stem cells (HSCs) and induced pluripotent
stem cells (iPSCs), achieving up to 21.2% and 16.9% attB placement,
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Alignment

TGAATTGCCCTAGTCAAGGGTTCAAAGTCCAAAGTGGCATCTGTGGATGTGTATCAGARATATCTTACT TTTCTTGGAAGCCAACAGGA
TGAATTGCCCTAGTCAAGGGTTCAAAGTCCARAGTGGCATCTGTGGATGTGTATCAGAAATATCTTACT TTTCTTGGAAGCCAACAGGA
TGAATTGCCCTAGTCANNGT TCAE AP A TGGCATCTGTGGATGTGTATCAGARATATCTTACTTTTCTTGGAAGCCAACAGGA
TGRATTGCCCTAGTCAAGGG TG TCCAARGTGGCATCE L TGGATGTGTATCAGAARTATCTTACTTTTCTTGGAAGCCAACAGGA
TGAATTGCCCTAGTCAAGGGTTCAARGTCCAAAGTGGCATCI Il GC GTATCAGAAATATCTTACTTTTCTTGGAAGCCARCAGGA
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Fig. 3 | Comparison of PE vs L-PGI for multi-nt corrections in PHH. A Illustration
showing the 14 nt edit with and without excision of endogenous sequence repre-
senting end cases preserving either endogenous sequence or reading frame. The
endogenous sequence downstream of the nick is shown in blue and red. The donor
contains the 14 nt insertion followed by sequence homologous to the red for
sequence replacement or to the blue for sequence insertion. B Highest total effi-
ciencies and maximum fidelities observed using either sequence replacement or
insertion observed using either PE-TB2 or L-PGI in PAH intron 1 obtained through
component ratio optimization. Ordinary one-way ANOVA with Gaussian distribu-
tion performed for biological replicates n =2 with p values shown. Efficiencies and
fidelity vary depending on component ratio, for complete data set refer to Sup-
plementary Fig. 3. C Comparison of lowest indel generation rates observed between
PE-TB2 and L-PGI. Indel rate is calculated as the rate of total erroneous deletions
and insertions occurring within the nick to nick edit window normalized to total

edited reads. P values determined with Ordinary one-way ANOVA with Gaussian
distribution for multiple comparisons. n =3 for HFE 2nt edit PE-TB2 condition and 2
for all other test conditions. D Representative NGS paired-end alignment showing
top 15 reads each of 14 nt insertions in PAH intron 1 of PHH using L-PGI (top) and PE-
TB2 (bottom). Black bars indicate deletions, highlighted bases show substitutions,
and underlined bases contain insertions. In L-PGI the dominant errors are point
substitutions in the donor region (24 ntin red in reference alignment) and excisions
between the end of the donor and the nicking site on the opposite strand (2 nt in
red). PE results in additional insertions and deletions in the edit window.

E Comparison of 38 nt Bxbl attB placement efficiency in PAH intron 1 using L-PGI or
PE-TB2 by NGS showing correct editing rate only. Ordinary one-way ANOVA with
Gaussian distribution performed with n=3. All error bars represent standard
deviation. Source data are provided in Source Data file. Nucleotide reagents pro-
vided in Supplementary Data 1-4.

respectively without selection (Fig. 4d). pL-PGI was also used to delete
175 bp at the VEGFA locus, leading to 3-fold higher editing in HEK293T,
1.6-fold higher editing in iPSCs, and 16-fold higher editing in PHH
compared to RT editors (Fig. 4e). To test the limit of edit size, we
attempted a 345 bp miniGFP insertion in HFE using pL-PGI with 55 nt
overlap in PHH and detected up to 0.5% editing by ddPCR, likely the
result of limited delivery of long donors (Supplementary Fig. 4c)”.
The use of DNA donors and splint molecules has the potential to
activate innate immune responses in treated cells. To investigate this,
we examined pL-PGI cytotoxicity in PHH using an ATP-based cell via-
bility assay and found no significant decrease in cell health using
optimized transfection conditions (Supplementary Fig. 5a, b). Assess-
ment of potential innate immune response using an IFN-beta enzyme-

linked immunoassay also yielded no significant response in PHH
(Supplementary Fig. 5c).

pL-PGlI for integrase mediated genomic insertion

To optimize pL-PGlI for integration in PHH, we symmetrically walked
the overlap around the central dinucleotide while maintaining full
complementarity between the splint and donor and found that 10 bp
showed both best efficiency and fidelity (Fig. 5a). We found that 20 bp
overlap efficiencies could improve by decreasing just the splint DBS
length, thereby minimizing unwanted LNA exacerbation of splint sec-
ondary structure (Supplementary Fig. 5d). We also explored placement
of the Bxbl attP attachment site due to a potentially favorable off-
target cryptic site profile in the human genome compared to attB*.
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Fig. 4 | Paired L-PGI (pL-PGI) design and efficiencies across cell types for Bxbl
and PaO01 attB placement and excision. A Schematic diagram of paired L-PGI
complexes targeting opposite strands to install paired reverse complementary
donors. B Design strategies demonstrating replacement type edit (left) by encod-
ing the desired edit in reverse complementary partial overlap donors or deletion
type edit (right) by having donors homologous to the genome flanking the
sequence to be excised. C Pa01 33 bp attB placement efficiencies using paired
complexes PE2, PEMax, or pL-PGI in NOLCI of HEK293T measured by NGS for
biological replicates n = 3. Control defined as untransfected cells. Ordinary one-way
ANOVA for multiple comparisons with Gaussian distribution performed for precise

HEK293T

iPSC

PHH

edit efficiencies by edit method with p values shown. D Efficiencies of Pa0O1 33 bp
attB placement in NOLCI of hematopoietic stem cells (HSCs), Bxbl 38 bp attB
placement in B2M of induced pluripotent stem cells (iPSCs), and 42 bp edit con-
taining Bxb1 38 bp attB with TAAT stop codon in C/ITA of iPSCs, all results assayed
by ddPCR. Control conditions received electroporation only with no transfection
reagents. Each condition performed once n = 1. E Efficiencies of 175 bp excision at
VEGFA of HEK293T, iPSC, and PHH by either dual PE2 or pL-PGI by NGS for biolo-
gical replicates n =3. All error bars represent standard deviation. Source data are
provided in Source Data file. Source data are provided in Source Data file.
Nucleotide reagents provided in Supplementary Data 1-4.

We varied the donor overlaps for the 52 bp attP sequence in a similar
manner and saw that fidelity was correlated with donor length while
efficiency was inversely related (Supplementary Fig. 5e). From our attB
and attP insertion studies, we concluded that optimal editing can be
achieved with 10 bp overlap attB.

We next compared optimized configurations of both pL-PGI and
dual PE-TB2 at therapeutic loci F9, Albumin, and PAH”"*'. We found
20.7-38.8% total editing efficiencies with pL-PGI, matching or out-
performing RT-based editing at all loci tested (Fig. 5b). The fidelity of
RT-based editing appears to be more locus-dependent than pL-PGl,
while both methods see reduced fidelity compared to single complex
editing due to the possibility of NHEJ repair prior to either edit
installation or overlap hybridization.

Initial efforts using fully methylated donors for integrase-
mediated gene insertion found low attB conversion after 2-step PGI
(Fig. 5¢)*>*. Hypothesizing that chemical modifications were recruit-
ing methyl-CpG-binding proteins thereby blocking integrase access,
we then screened additional chemical modifications for attB place-
ment in PHH and found that removal of all methylation while retaining
two phosphorothioate bonds resulted in preservation of donor stabi-
lity, edit efficiency, and improved Bxbl activity in cells (Supplementary

Fig. 5f, g). Using this donor modification pattern, we were able to install
38 bp attB into intron 1 of PAH and in the presence of Bxbl mRNA and
helper-dependent adenoviral (HDAd) DNA cargo (Supplementary
Fig. 5h), measured 14.4% whole gene insertion and 59.6% attB con-
version by ddPCR (Fig. 5d, e, Supplementary Fig. 5i). We found higher
attB conversion with pL-PGI than RT-based editing, consistent with the
improvements in fidelity seen with pL-PGI.

Translating pL-PGI across species in vitro

Using appropriately designed ImgRNAs, donors and splints, we were
able to efficiently install 38 bp attBs into intron 1 of the PAH gene in
primary mouse hepatocytes (PMH) and primary cynomolgus hepato-
cytes (PCH), both important surrogate cell types for animal models
(Fig. 6a). Comparing pL-PGI to optimized dual PE-TB2 attB insertion,
we observed similar correct and total edit efficiency in both PCH and
PHH. However, in PMH we observed almost no correct insertion using
dual PE-TB2, while pL-PGI was able to achieve 10.0% placement of
functional attBs. pL-PGl and dual PE-TB2 showed comparable fidelity in
PCH but differed in PHH and PMH, with 1.5-fold and 10-100-fold higher
fidelity, respectively (Fig. 6b). Additionally, pL-PGI and dual PE-TB2
lead to different imperfect editing outcomes (Supplementary
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Fig. 5 | pL-PGI attB placement optimizations across therapeutic loci and
implementation of pL-PGI for Bxbl-mediated integration in PHH. All results
show biological replicates of n =3 unless otherwise stated. A Efficiency and fidelity
of attB placement with symmetrically varying overlap for forward and reverse
donors in F9. Donor and splint DBS were kept locked to maintain full donor splint
hybridization (24, 29, 38 nt for 10, 20, and 38 overlap, respectively). Control is
untreated cells. Each condition for efficiency testing performed n=2 and for fide-
lity, n=6. % edit quantified as precise editing only and % fidelity quantified as
precise editing out of total editing for all groups. Ordinary one-way ANOVA for
multiple comparisons with Gaussian distribution used to calculate p values.

B Application of 10 overlap pL-PGl for attB placement in F9, Albumin (ALB), and PAH
in PHH versus dual 20 overlap PE-TB2 showing frequency of precise editing only by
NGS. C Schematic illustration of 2-step attB placement followed by Bxbl-mediated

integration of viral cargo showing expected genomic products. ITR = inverted
terminal repeats, attP = attachment site P, attL = post recombination left junction,
attR = post recombination right junction. D Residual unconverted attB and total
gene integration efficiency of helper-dependent adenovirus (HDAd) comparing
attB placed by either dual PE or pL-PGI. Sum of both bars represents total edit
efficiency for each attB placement method. Control is untreated cells.

E Comparison of attB conversion rate (calculated as ratio of integration to inte-
gration + residual attB) between dual PE and pL-PGI across both left and right
junctions. Ordinary one-way ANOVA for multiple comparisons used for calculation
of p values. All error bars indicate standard deviation. Source data are provided in
Source Data file. Source data are provided in Source Data file. Nucleotide reagents
provided in Supplementary Data 1-4, 7.

Fig. 6a,b). RT-based insertion showed partially written sequence or
incorrect sequence that is likely from incorrect reverse transcription or
partial strand degradation. pL-PGI generally results in insertions con-
taining the entire forward or reverse donor with blunt end joining to
the second nick site, reflecting the benefit of pre-synthesized donors
against de novo transcription in cells.

Using pL-PGl for therapeutic indications also involves moving to
higher purity reagents and formulation of the components in a rele-
vant delivery modality such as lipid nanoparticles (LNP). We tested
HPLC-purified synthetic F9 ImgRNAs and found a 1.5-fold improve-
ment over crude ImgRNAs which translated to an overall -3-fold
improvement in attB placement efficiency compared to RT-based attB
placement with purified synthetic atgRNAs in PHH (Supplementary
Fig. 6¢). We also tested the effect of purification on donors and found
improvement to 82.4% total editing with 62.7% fidelity at PAH in PHH
(Supplementary Fig. 6d). Next, we compared all in one (AlIO) LNP and
split LNP packaging designs for attB placement in F9, theorizing that
separate formulations may minimize unwanted cross-hybridization
between oligonucleotide components (Fig. 6¢). We found AlO and split
pL-PGI performed similarly, and both were more potent than the PE
LNP (Fig. 6d). AlO was selected for in vivo for simplicity. Lastly, we
formulated mouse F9 reagents into LNPs and found 10-fold higher attB
placement in PMH with pL-PGI than dual PE-TB2, consistent with earlier
MessengerMAX results (Supplementary Fig. 6e).

L-PGI and pL-PGl in vivo

We selected the lead L-PGI 14 nt insertion and pL-PGl attB placement
architecture and compared their efficiency in vivo against PE-TB3
and dual PE-TB3, respectively. High purity guide RNAs were syn-
thesized in-house for pL-PGI and dual PE-TB3 and other synthetic
oligonucleotide components were provided by an external vendor
(IDT) without purification. mRNAs and oligonucleotide components
were co-formulated and dosed to adult mice. Using ddPCR as a
preliminary readout, we found up to 12.1% attB placement in one
animal with an average of 7.9% by pL-PGI and an average of 2.5% by
dual PE-TB3, representing a 3-fold advantage (Fig. 6e). For 14 nt
insertion, we found an average of 3.8% editing by L-PGI and 1.9% by
PE-TB3, a 2-fold advantage (Fig. 6f). Comparison with PMH in vitro
suggests that these efficiency differences are primary fidelity driven,
though future deep sequencing would be essential to further
interpretation.

While earlier experiments detected no toxicity in PHH, in mice
pL-PGI resulted in elevated alanine transaminase (ALT) and aspar-
tate transaminase (AST) levels compared to control groups at 24 h
that subsided by 7 days (Fig. 6g). While this did not translate to any
adverse reaction in animals or prevent editing, toxicity remains a
potential risk that may be mitigated by further optimization of the
system (allowing for decreased doses) or addition of immune sup-
pression cotreatments.
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Fig. 6 | Translation of pL-PGI across primary cell species in vitro, delivery with
lipid nanoparticles (LNP), and efficiency in mice. A Perfect edit and indel effi-
ciencies at PAH intron 1 in PHH, primary cynomolgus hepatocytes (PCH), and pri-
mary mouse hepatocytes (PMH), respectively using guides targeting the identical
nicking sites for both edit methods in each comparison. PHH and PMH show results
of biological replicates n =3 and PCH results of biological replicates n = 2. Ordinary
one-way ANOVA with Gaussian distribution performed for all analyses. B Fidelity
comparison between pL-PGI and dual PE-TB2 for the same edits in PHH, PCH, and
PMH, respectively, calculated by taking the percent of perfect beacons out of total
edits. PHH and PMH show results of biological replicates n =3 and PCH results of
biological replicates n =2. C pL-PGI LNP formulation payload schematic depicting
all in one (AIO) delivery and split delivery. AlO: single particle with all 8 compo-
nents: nCas9 mRNA (1), ligase mRNA (2), forward ImgRNA (3), reverse IngRNA (4),
forward splint (5), reverse splint (6), forward donor (7), and reverse donor (8). Split:
two particles each containing half of both mRNAs and either forward guide, for-
ward splint, forward donor or reverse guide, reverse splint, and reverse donor.

D Potency of dual PE-TB2 AlO versus AlO and split pL-PGI LNP targeting F9 in PHH
assayed by ddPCR showing biological replicates n =3 for each treatment dose.
4-parameter nonlinear curve calculated showing EC50 (ng/well) and R squared
goodness of fit for each group. E Dual PE-TB3 vs pL-PGl for attB placement in mouse
PAH assayed by ddPCR. Ordinary one-way ANOVA performed on biological repli-
cates n=5 for all groups. Control group treated with saline vehicle. F PE-TB3 vs
L-PGl for insertion of a 14 nt edit in mouse PAH assayed by ddPCR showing 2-fold
gain in efficiency. Ordinary one-way ANOVA performed on biological replicates
n=5. G Alanine transaminase (ALT) and aspartate transaminase (AST) levels in
units/L (U/L) in mouse serum collected 24 h and 7 days after LNP injection. Sampled
from individual animals n = 3. Ordinary one-way ANOVA performed for p values. All
error bars indicate standard deviation. All one-way ANOVA tests assume Gaussian
distribution with no matching. Source data are provided in Source Data file. Source
data are provided in Source Data file. Nucleotide reagents provided in Supple-
mentary Data 1-4, 7.

Discussion

Large precise insertions using CRISPR/Cas9 based systems have
been challenging using the available gene editing systems"*>¢,
Here, we describe L-PGI and pL-PGl, two technologies that capitalize
on the biochemistry of CRISPR/Cas9 nicking to ligate edits using
synthetic DNA donors without requiring exogenous writing
enzymes.

We first showed that L-PGI and pL-PGI are capable of a broad
range of edits from point mutations to insertion of hundreds of bases
in cycling cells and primary hepatocytes. L-PGI has significantly higher
efficiency and fidelity vs RT systems for medium sized (-~ 14 bp) edits, a
class essential for applications such as endogenous gene augmenta-
tion via installation of transcription factor binding sites. The potential
for long insertions can also be applied to circumvent the PAM avail-
ability restriction in Cas9 targeting. While we have not fully explored

the maximum size limit of the L-PGI system, the ability to simulta-
neously delete and insert sequences potentially opens the door to
exon replacements, which could treat a multitude of genetic diseases
caused by repeat expansions®.

We then demonstrated through a series of optimizations in pri-
mary mouse, human, and cynomolgus monkey hepatocytes that L-PGI
and pL-PGI are efficient methods for enabling multi-kilobase gene
insertion via writing of integrase landing sites. pL-PGI leads to more
accurate editing outcomes than RT-based editing, resulting in sig-
nificantly higher Bxbl integration efficiency. Due to its superior capa-
city for longer insertions without compromising efficiency, pL-PGI can
alternatively place 52 bp attP for Bxbl integration. As integrases are not
cargo size limited, this technology can enable precise and directed
whole gene replacement that restores function under endogenous
gene regulation®.
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Lastly, we evaluated the impact of reagent purity on potency, the
feasibility of formulating 8 separate RNA and DNA components in a
single LNP, and the efficiencies of L-PGI and pL-PGI in adult mice.
Compared to RT-based editing, L-PGI resulted in 2-fold higher 14 nt
insertion and pL-PGI resulted in 3-fold higher attB placement in
the mouse PAH gene, successfully reproducing the gains seen in PMH.
Though elevated liver toxicity markers were observed post injection,
these effects were transient and may be reduced through further
reagent optimization and component engineering. The use of DNA
donors and splint molecules has the potential to activate the innate
immune response, which could lead to toxicity. At the doses used in
this work, we did not observe decreased cell health or IFN-beta acti-
vation from L-PGI reagents in PHH cells. It is possible that the DNA
response will be cell type dependent and a further investigation into
this issue is warranted.

While we did not explore off-target editing, we consider it to be
critical for further development of L-PGlI for therapeutic use. Due to
the dependence on nicks (vs DSBs), we expect minimal off-targets,
similar to what has been seen in the prime editing field*®. Any off-target
edits are likely to be driven by spacer specificity and specificity can be
benchmarked using guides with known off-target sites such as HEK4°,
Given the lack of on-target editing when splint or donor is omitted and
previous reports showing un-detectable off-targets using ssDNA donor
editing (HDR)*’, we anticipate L-PGI to have very low off-target risk.
Nonetheless, this hypothesis will require experimental verification
using orthogonal approaches to provide sufficient sequencing depth
and quantifying power.

In summary, the presented body of work demonstrates that L-PGI
is an effective and versatile gene editing system for in vivo liver ther-
apeutics with key advantages in the described use cases. Future
directions include off-target profiling, toxicity reduction, expansion of
editing capabilities, and further application for novel therapeutic
strategies. While its synthetic format is suitable for transient delivery
systems such as lipid, peptide, or polymer-based delivery, viral delivery
systems such as AAV present challenges. To leverage the favorable
characteristics of AAV, re-configuring the system for viral compatibility
may be desirable for some applications. Due to its efficacy even in
challenging species for RT-based editing such as mouse, L-PGI may
have greater universal efficacy and could be coupled with delivery
advancements for future therapies targeting important cell types
implicated in CNS disorders. By offering solutions to fundamental
shortcomings of RT-based editing, L-PGI may play an important role in
the next generation of gene editing therapies.

Methods

Animal work ethics statement

All animal experiments were approved by the Explora BioLabs Insti-
tutional Animal Care and Use Committee (IACUC) at the Charles River
Accelerator and Development Laboratory (CRADL), Watertown, MA
(Protocol No. EB17-004-302), and were conducted in accordance with
institutional and federal guidelines for the humane care and use of
laboratory animals. All work complied with the Guide for the Care and
Use of Laboratory Animals (8th Edition, NIH) and the AVMA Guidelines
for the Euthanasia of Animals (2020).

Plasmid template generation

Coding sequences were derived from Addgene # 132774, 174820,
207854 and synthesized as gBlocks (Integrated DNA Technologies,
IDT) to be cloned into an IVT vector that contains a CMV enhancer
and promotor, a single copy of the 5UTR and two copies of the
3’UTR from the human beta globin gene, and polyA tail using
restriction digest and Gibson Assembly. Plasmids were transformed
into 5-alpha Competent E. coli (NEB, C2987H) and sequence verified
by Elim Biopharm and scaled up with QIAGEN Plasmid Plus Midi Kit
(QIAGEN).

In vitro transcription of mRNA

All mRNAs were generated via in vitro transcription (IVT) reactions
using the HiScribe T7 High Yield RNA Synthesis Kit (New England
Biolabs). Plasmid DNA containing coding sequences were linearized
using an Xbal restriction site located immediately downstream of the
polyA tail. Linearized plasmids were then purified via phenol:chloro-
form extraction followed by ethanol precipitation. mRNAs were pro-
duced via IVT reactions that contain Uridine-Triphosphate or NI-
Methylpseudouridine-5-Triphosphate (TriLink BioTech), and capped
co-transcriptionally with CleanCap Reagent AG (3° OMe) (TriLink Bio-
Tech). IVT reactions were incubated at 37 °C for 2 h, followed by DNAse
I digestion of the template DNA. mRNA products were purified using
LiCl precipitation, quantified by Qubit Fluorometric Quantification
(Thermo Fisher Scientific), and checked for integrity by denaturing gel
electrophoresis.

Preparation of synthetic oligonucleotides

Splints and donor DNAs were ordered from IDT as 100 nmole DNA
oligos in IDTE buffer. The ssODN used for HDR was ordered from IDT
as a 4nmole Ultramer DNA Oligo. ImngRNAs, pegRNAs, and atgRNAs
were ordered from IDT as Custom Alt-R gRNAs, 10 nmol with standard
desalting. ImgRNAs and atgRNAs were purified by HPLC. Nicking
gRNAs were ordered from Synthego as synthetic sgRNA, 5 nmol.
Synthego sgRNAs included Synthego’s standard scaffold and chemical
modification pattern, while IDT gRNAs were custom specified. Splints
and donor DNAs were annealed together in NEBuffer 2 at 2 uM by
heating to 95°C for 2 min and ramping down to 25 °C over a period
of 30 min.

In vitro biochemical assays

In vitro reactions were performed by first incubating ImgRNA (30 nM
final) and annealed splint and donor DNA (30 nM final) with recom-
binant S. pyogenes nicking Cas9 (nCas9; IDT; 30 nM final) for 10 min at
room temperature, followed by the addition of T4 ligase (NEB; 200U
final), ATP (I1mM final), and 5-Cy5-labeled dsDNA substrate (3nM
Final). Reactions were carried out in the presence of NEB Buffer 3.1 (1x
final) at 37 °C for 1 h (final volume of 10ul). Reactions were terminated
by the addition of 0.5% SDS and 100ug/ml Proteinase K and incubated
at 37 °C for 30 min. Reaction products were then combined with 2x
formamide gel loading buffer (90% formamide; 10% glycerol; 0.01%
bromophenol blue), denatured at 95 °C for 10 min, and separated by
denaturing urea PAGE gel (15% TBE-urea, 55 °C, 200 V). DNA products
were visualized by Cys5 fluorescence signal using a LI-COR Odyssey CLx
imager.

General cell culture conditions

HEK293T cells were purchased from ATCC and cultured in DMEM
(11965092, Gibco) with 10% FBS (A3160501, Gibco). HEK293T GFP
reporter cell line was provided by the Corn Lab’® and maintained
similarly. Cells were dissociated with 0.25% Trypsin-EDTA (15400054,
Gibco) and seeded in 96-well PDL-coated tissue culture plates (354210,
Corning) at a density of 25k cells per well. Cryopreserved primary
human hepatocytes (HMCPMS Hu8403, HMCPTS Hu8449, Hu8450,
Gibco) were recovered in Cryopreserved Hepatocyte Recovery Media
(CM7000, Gibco) and plated at 42k cells per well in Hepatocyte Plating
Media (A1217601, CM300, Gibco) on Collagen I coated 96 well plates
(354407, Corning). Cryopreserved primary cynomolgus monkey
hepatocytes (MKCP10 CY427, Gibco) were recovered in Hepatocyte
Plating Media and plated to 48k cells per well. Cryopreserved primary
mouse hepatocytes (MSCP10 MC945, Gibco) were recovered in
Hepatocyte Plating Media and plated to 20k cells per well. 8 hrs post
recovery primary hepatocytes were washed and cultured in main-
tenance media with fresh media given again at 24 h (CM400, A1217601,
A2737501, Gibco). Cell lines were not authenticated or tested for
mycoplasma contamination.
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Adenovirus-associated virus (AAV) production

Cargo was designed as self-complementary AAV containing Bxbl attP
attachment site, splice acceptor, and codon optimized human PAH
exon 2-13 coding sequence with HiBit reporter tag (Promega) and
cloned into plasmid backbone with Gibson assembly. AAV was pro-
duced by triple transfection with LKO3 rep/cap and helper plasmid
(Aldevron SF058826) in 293AAV Cell line (Cell Biolabs AAV-100). Virus
was treated with PEG and purified with lodixanol gradient centrifuga-
tion. Yield was determined by ITR assay titer using ddPCR.

Helper-dependent adenovirus (HDAd) production

Cargo was designed containing Bxbl attP attachment site, splice
acceptor, and codon optimized human F9 exon 2-8 coding sequence
and assembled into in Ad5 gutless plasmid backbone. Cargo was lin-
earized and transfected in HEK293 116 Cre+ cells (Baylor University),
followed by helper virus transduction. HDAd was propagated by serial
coinfection and purified by CsCl ultracentrifugation. Yield was deter-
mined by GFP reporter assay titer using ddPCR.

HEK293T transfection

After 16-24 h, the medium was changed to OptiMEM (31985070,
Thermo Fisher Scientific) and the cells were transfected at approxi-
mately 70% confluency. A transfection mix for a single well included
0.4 uL of Lipofectamine 2000 (11668019, Thermo Fisher Scientific),
67 ng total mRNA, 2.1 pmol total gRNA, and 0.38 pmol total annealed
splint and donor DNA. After 16 h, medium was changed back to DMEM
with 10% FBS and cells were cultured until 2 days post transfection. For
BFP to GFP conversion experiments, cells were dissociated with 0.25%
trypsin, mixed with culture medium for trypsin inactivation, and ana-
lyzed with Attune NxT Flow Cytometer (Thermo Fisher Scientific).
When multiple mRNAs, IMgRNAs, pegRNAs, or splints and donor DNAs
were used in a single transfection, each was added in an equal amount
to reach the total dosage described. When nicking gRNAs were used,
they were added at half the dosage of the IngRNA or pegRNA to reach
the total dosage described.

Induced pluripotent stem cell (iPSC) electroporation

Human cryopreserved iPSCs were purchased from Fujifilm Cellular
Dynamics and cultured in Supplemented Essential 8 Basal Media
(A15169-01, A15171-01, Thermo Fisher Scientific) until 50 - 70% con-
fluent. Cells were dissociated using Accutase (AT-104, Innovative Cell
Technologies), counted, and per reaction 1e5 cells were electroporated
with Neon NXT Transfection System (Thermo Fisher Scientific) using
conditions V=1500V, Width = 20 ms, Pulses = 1 pulse. For each reac-
tion the transfection mix contained 3 ug of each mRNA, 50 pmol of
each guide, and 25 pmol of each splint and donor. Cells were then
transferred to 48 well plates precoated with Vitronectin (A31804,
Gibco) containing basal media with Clone R2 (100-0691, Stem Cell
Technologies). Cells were given daily media changes until collection
for gDNA and ddPCR analysis 7 days post transfection.

Hemopoietic stem cell (HSC) electroporation

Human cryopreserved mobilized peripheral blood CD34+ stem cells
(MLEG34005C) were purchased from CGT Global and thawed in 1%
human serum albumin 25% solution (MSPP-800120, Gemini) in DPBS
(37350, StemCell). Cells were resuspended in CD34+ cytokine cocktail
supplemented SFEM Il media and seeded at 5e5 cells/mL for 2 days. 1e6
cells per condition were electroporated with Neon NxT Transfection
System using conditions V'=1500V, Width = 20 ms, Pulses = 1 pulse.
Each reaction contained 10 ug of each mRNA, 270 pmol of each
ImgRNA, 150 ng each splint, and 300 ng each donor. Cells were
recovered in 6 well plate containing 2 mL of SFEM Il media with 1x SFT
cytokines and collected 3 days post transfection for gDNA purification
and ddPCR analysis.

Primary hepatocyte transfection

PHH, PCH, and PMH were transfected with 0.3 pL Lipofectamine
MessengerMAX (LMRNAO15, Thermo Fisher Scientific) for co-delivery
of all RNA and DNA components. Per reaction, the transfection mix
contained 150 ng nCas9 mRNA, 150 ng ligase mRNA, 100 ng ImgRNA,
50 ng ngRNA, 5 ng splint, and 10 ng donor unless otherwise stated for
optimization experiments. For pL-PGI transfections, the amount of
each splint and donor was halved to result in the same total dosage. PE
control conditions contained 300 ng nCas9-RT fusion and 100 ng
pegRNA, 50 ng ngRNA, or 100 ng each dual atgRNAs. Cells were taken
down 3 days post transfection for analysis. For integration experi-
ments, cells were co-transfected with 200 ng Bxbl mRNA and 1le6
multiplicity of infection (moi) for AAV or 1e3 moi for HDAd 2-3 days
post attB placement according to previously described procedures
and taken down after an additional 5 days of culture.

Genomic DNA extraction

For HEK293T cells, genomic DNA (gDNA) was extracted by removing
medium, resuspending cells in 30 uL QuickExtract (QE0O905T, LGC
Biosearch Technologies), and incubating at 65 °C for 15 min followed
by 98 °C for 10 min. Primary hepatocytes, iPSCs, and HSCs were lysed
in a similar manner and gDNA extraction was followed by magnetic
bead cleanup (A63882 AMPure XP, Beckman Coulter).

Target amplification and next-generation amplicon
sequencing (NGS)

Target regions were amplified with 12.5 pL Q5 Hot Start High-Fidelity
Master Mix (M0494X, NEB), 2 pL purified genomic DNA, and 2.5 pL of
each 10 uM primer stock with water in a final volume of 25 pL for 25
cycles using annealing temperatures for the gene-specific part of the
primers calculated by NEB’s online tool (https://tmcalculator.neb.com/
). Complete list of primers provided in Supplementary data file.
Amplified targets were imaged with gel electrophoresis in a 2% agarose
gel run at 300V for 30 min and imaged on a ChemiDoc (Bio-Rad) or
used as a template for the Illumina barcoding PCR 2, run using 2 pL
PCR1 product, 2.5 pL premixed barcoding primers, 12.5 uL Q5 master
mix and water to final volume 25 pL for 12 cycles. PCR2 products were
bead purified, pooled with 10% PhiX, denatured with NaOH, and loa-
ded on lllumina MiSeq Micro Kit v2 with paired end sequencing. R1 and
R2 Amplicon sequencing data were combined and analyzed using
CRISPRess02. Input reads were trimmed to remove any lllumina
adapters, if present. Sequences were then mapped to the amplicon
references, which included both the wildtype allele and a prebuilt
edited allele. Editing efficiency was quantified as the number of reads
aligning to the edited allele divided by the total number of aligned
reads. Insertions and deletions (indels) within the designated quanti-
fication window were assessed using a customized script that parsed
the detailed mapping information generated by CRISPResso2. For
beacon placement, the quantification window encompassed the entire
38 bp beacon region, while for prime editing, the quantification win-
dow was defined as the reverse transcription (RT) template region.
Editing fidelity was calculated as the proportion of reads aligned to the
edited allele without indels, divided by the total number of reads
aligned to the edited allele.

Sanger sequencing

Primers were designed to amplify a 500-800 bp region surrounding
the edit site and target amplification was performed using Platinum
Superfi Il Master Mix (12368010, Invitrogen) with 2 pL purified gDNA,
1.25 pL 10 pM of each primer, 12.5 pL master mix, and water up to 25 pL
for 25 cycles of 10 s at 98 °C, 10 s at 59 °C, 30's 72 °C, and final exten-
sion of 5min after initial denaturation. Samples were sequenced by
Genewiz (Azenta) and analyzed using Synthego inference of CRISPR
edits (ICE v3) tool (https://ice.synthego.com/#/).
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Cell viability assay

Toxicity of transfection conditions in cells was measured by CellTiter-
Glo 2.0 (G9241, Promega) following manufacturer’s methods using
100 pL of premixed reagent per well in 96 well white-walled plates
(165306, Thermo Fisher Scientific). Luminescence was detected on
GloMax Discover Microplate Reader (GM3000, Promega).

Cell-based immune response assay

PHH were transfected with paired forward and reverse splints, donors,
or ImgRNAs with varying chemical modifications at 12.5 nM final con-
centration in cell culture media using MessengerMAX delivery. Positive
control AAV was dosed at 1e6 particles per cell and negative control
condition was given MessengerMAX only. Cell culture media was
harvested 6 hrs post transfection and assayed for IFN-beta using
Simple Plex Human IFN-beta Cartridge (SPCKB-PS-000934, Pro-
teinSimple) on Ella - Automated Immunoassay Platform (600-100,
ProteinSimple) according to the manufacturer protocol for cell culture
supernatants and analyzed with Simple Plex v3.2 software.

Droplet digital polymerase chain reaction (ddPCR)

Custom primers and probes were designed to measure editing in all
referenced loci. Results were normalized to custom reference assays
targeting unedited regions of the same genes in the respective species.
Probes were dual labelled with 3’- 3IABKFQ and either 5-carboxy-
fluorescein (FAM) for edit targets or 5’-hexachloro-fluorescein phos-
phoramidite (HEX) for reference. Assays were validated using gBlocks
representing edit outcomes to test for both specificity and linearity. All
primers, probes, and gBlocks were synthesized by IDT. Each reaction
contained 12 uL of 2x ddPCR Supermix for probes (No dUTP) (1863025
Bio-Rad), 1.2 uL of each primer and probe mix to final concentration of
0.5 uM for each primer and 0.25 uM for each probe, 0.12 uL each of
Hindlll and Eco91l (FDO505 and FD0394, Thermo Fisher Scientific),
10-20 ng of DNA and water to a final volume of 24 L. Droplets were
generated on the AutoDG Instrument for automated droplet genera-
tion (186410, Bio-Rad). PCR amplification was performed with the
following cycling parameters: initial denaturation at 95 °C for 10 min,
followed by 40 cycles of denaturation at 94 °C for 30 s and combined
annealing/extension step at 58 °C for 1 min, and a final step at 98 °C for
10 min. Data acquisition and analysis were performed on the QX200
Droplet Reader with QX Manager Software Standard Edition v2.0.

In vivo guide synthesis

Guide RNAs were synthesized on an AKTA Oligosynt synthesizer
(Cytiva). Base-loaded 2000 A CPG was packed into a 6.3 mL stainless
steel column for synthesis scale of ~50 umol. After solid phase synth-
esis, the oligonucleotide on support was treated with 15mL of AMA
and incubated for 4 h at 25 °C. The solution was filtered, cooled on dry
ice, and 15 mL of triethylamine trihydrofluoride was added dropwise.
The reaction was heated for 4 h at 45 °C, then cooled on ice, quenched
with ~10 volumes of water, and neutralized. The crude product was
purified on an AKTA Avant system (Cytiva) using a PLRP-S 300 A,
15-20 um column with mobile phases 25 mM DBAA in H20 and 50%
ACN at 60 °C. Sodium salt exchange and desalting of the final product
were done by TFF on a Sartoflow Smart system, using a 0.14 m2
regenerated cellulose membrane with 10 kDa molecular weight cutoff.

Lipid nanoparticle (LNP) formulation

Lipid nanoparticles were formulated using the Precision Nanosystems
Ignite. Nucleic acid payloads were diluted in a 50 mM pH 4.5 acetate
buffer. All lipids were purchased from commercial vendors: ALC-0315
(Broadpharm), DSPC (NOF America), cholesterol (Avanti), and DMG-
PEG2000 (NOF America). Lipids were diluted in ethanol and combined
to create a final stock solution according to the desired molar ratio
46.3/9.4/42.7/1.6 of ALC/DSPC/Cholesterol/PEG-lipid, respectively.
Mixing was performed to achieve a final LNP composition with an N/P

ratio = 6. LNPs were then diluted and dialyzed overnight. LNPs were
concentrated using ultracentrifugation and sterile filtered prior to
dosing. All LNPs were analyzed using dynamic light scattering (DLS) on
the Malvern Zetasizer and Quant-it Ribogreen (ThermoFisher R11490)
to assess size, polydispersity, RNA concentration, and encapsulation
efficiency.

Mouse work

Female CD-1 mice (Mus musculus, outbred strain, 6-8 weeks old) were
obtained from Charles River Laboratories. Animals were housed in
individually ventilated cages with autoclaved bedding and provided ad
libitum access to standard chow and water. Rooms were maintained at
20-26 °C with 30-70% relative humidity and a 12 h light/dark cycle, as
monitored daily by facility staff in accordance with Explora BioLabs
Animal Care Guidelines (I-OG EB02.01). LNP formulations were admi-
nistered intravenously via the tail vein at a dose of 6 mg/kg RNA, using
five mice per treatment group. On day 7 post-injection, animals were
euthanized and median-lobe liver tissue was collected for genomic DNA
extraction (Quick-DNA/RNA Zymo Kit #R2131). ddPCR was performed as
described for cell experiments, with efficiencies normalized to the Tfrc
reference assay (Applied Biosystems 4458366). For serum chemistry,
blood was collected from three animals per group at 24 h or 7 days after
dosing and analyzed by IDEXX BioAnalytics for ALT and AST levels.

Statistics and reproducibility

Biological replicates in cell studies defined as replicates performed on
randomly assigned populations of cells derived from a single cell line
or primary cell isolation. Biological replicate in animal studies defined
as individual animals. Sample size n defined for each experiment in
figure captions. All error bars in figures represent standard deviation.
No statistical method was used to predetermine sample size. No data
were excluded from the analyses. The experiments were not rando-
mized. The investigators were not blinded to allocation during
experiments and outcome assessment. In vitro reaction and blot in
Fig. 1C were performed once.

Data analysis

NGS analysis was performed with CRISPRESSO v2 on a custom pipeline
(see Code availability). ddPCR analysis was performed on QX Manager
Standard v2.0. Flow gating and analysis were performed on Attune
NXT Flow Cytometer. IFN-beta analysis was performed on Simple Plex
v3.2 software. Graphs and data analysis were performed with Graph-
Pad Prism 10.6.0 (796). All results are reported on biological triplicates,
each assayed once unless otherwise indicated for in vitro experiments.
All results are reported as mean and standard deviation showing
individual results from biological replicates each assayed once for
in vivo experiments.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Source data for main and supplemental figures are provided with this
paper. The amplicon sequencing data generated in this study have
been deposited in the NCBI Sequence Read Archive database under
accession code PRJNA1354880%. The processed NGS and ddPCR data
are available at figshare [https://doi.org/10.6084/m9.figshare.
30494813]". All data generated for figures are provided in the
Source Data file. Source data are provided with this paper.

Code availability

The code for custom amplicon sequencing analysis is available without
restriction under the MIT license at https://github.com/jessie-wangjie/
tbAmpseq*.
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