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BSTRACT 

mplementation of therapeutic in vivo gene edit- 
ng using CRISPR / Cas relies on potent delivery 

f gene editing tools. Administration of ribonucle- 
protein (RNP) complexes consisting of Cas pro- 
ein and single guide RNA (sgRNA) offers short- 
ived editing activity and safety advantages over con- 
entional viral and non-viral gene and RNA deliv- 
ry approaches. By engineering lentivirus-derived 

anoparticles (LVNPs) to facilitate RNP delivery, 
e demonstrate effective administration of SpCas9 

s well as SpCas9-derived base and prime editors 

BE / PE) leading to gene editing in recipient cells. 
nique Ga g / Ga gPol protein fusion strategies facil- 

tate RNP packaging in LVNPs, and refinement of 
VNP stoichiometr y supports optimiz ed LVNP yield 

nd incorporation of therapeutic payload. We demon- 
trate near instantaneous target DNA c leav age and 

omplete RNP turnover within 4 days. As a result, 
VNPs pr o vide high on-target DNA c leav age and 

o wer le vels of off-tar get clea vage activity compared 

o standar d RNP nuc leofection in cultured cells. 
VNPs accommodate BE / sgRNA and PE / epegRNA 

NPs leading to base editing with reduced bystander 
diting and prime editing without detectable indel 
ormation. Notably, in the mouse eye, we pr o vide 

he first proof-of-concept for LVNP-directed in vivo 

ene disruption. Our findings establish LVNPs as 

r omising vehic les f or delivery of RNPs facilitating 
p
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f double-stranded DNA breaks. 

RAPHICAL ABSTRACT 

NTRODUCTION 

RISPR / Cas9-based genome editing has the potential to 

ransform the li v es of pa tients suf fering from se v ere genetic
iseases ( 1 ). Editing of disease-causing genes is based on 

argeted DNA cleavage mediated by the Cas9 endonucle- 
se directed by a single guide RN A (sgRN A) to a prede-
ermined locus. Repair of the DNA double-stranded break 

DSB) by non-homologous end joining (NHEJ) leads to 

ndel formation, whereas repair by homology-directed re- 
air (HDR) supports precise editing ( 2 ), but suffers from 
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% d2 e GFP + cells in LV only sample 
low efficacy in primary cells as well as the need for co-
administering a DNA repair template. Genotoxicity is a sig-
nificant concern due to the formation of DSBs in both on-
and off-target genomic loci ( 3 ). Ther efor e, effecti v e genome
editing ideally relies on deli v ery tools supporting short-
li v ed acti vity of Cas9 / sgRNA comple x es to r estrict unin-
tended modifications of the genome. Contemporary virus-
based deli v ery approaches, including lenti viral (LV) and
adeno-associated virus (AAV)-deri v ed v ectors, facilitate de-
li v ery of Cas9 and sgRNA gene expression cassettes, al-
though limited packaging capacity of AAV restricts the flex-
ibility of vector designs. Importantly, delivery of gene cas-
settes potentially causes prolonged cellular exposure to ac-
ti v e Cas9 / sgRNA comple xes, which may lead to genotox-
icity ( 4 ) including formation of large deletions ( 5 , 6 ) and
translocations ( 7 , 8 ), chromothripsis ( 9 ), and unwanted ge-
nomic integration ( 10 , 11 ). Also, high intracellular le v els of
Cas9 may cause depletion of gene-corrected cells ( 12 ). 

To comply with the major challenges of conventional
Cas9-based gene editing, alternati v e genome editing ap-
proaches involving neither formation of DSBs nor repair
using a donor sequence have been de v eloped. Base editing
involves deamination of a predetermined target nucleotide
using the base editor (BE), an engineered protein consist-
ing of a Cas9 nickase fused to a deaminase ( 13 , 14 ). A po-
tential risk of base editing is unwanted ‘bystander’ edit-
ing of nucleotides within the range of the deaminase ( 15 ).
Prime editing facilitates genomic incorporation of the edit
sequence copied from the prime editing guide RNA (pe-
gRNA) ( 16 ). This procedure is facilitated by the prime ed-
itor (PE), a fusion protein consisting of a Cas9 nickase
fused to the re v erse transcriptase deri v ed from Moloney
murine leukaemia virus (M-MLV) ( 16 ). As both base and
prime editing rely on the administration of larger fusion
proteins, therapeutic intervention is challenged by the re-
stricted packaging capacity of conventional gene vehicles
( 17 ). 

Efficient ex vivo genome editing can be achie v ed by DNA-
free deli v ery of CRISPR / Cas9 ribonucleoprotein (RNP)
complexes consisting of recombinant Cas9 protein com-
plexed with synthetic sgRNAs by nucleofection ( 18 ). Others
and we have engineer ed r etro- and lenti virus-deri v ed virus
particles to accommodate and transiently deli v er foreign
proteins, including DNA transposases ( 19–21 ), zinc-finger
nucleases (ZFN), TAL-effector nucleases ( 22 , 23 ), Cas9 ( 24–
27 ) and base editors ( 28 ). Such vehicles combine receptor-
directed uptake of retroviral particles in recipient cells with
the ability of such particles to transport engineered protein
and protein-RN A complexes. Transient Cas9 / sgRN A RNP
deli v ery may offer substantial benefits compared to deliv-
ery of gene expression cassettes, the latter which may sup-
port pr olonged pr otein activity leading to increased risk of
genotoxicity ( 29 , 30 ). 

Her e, we r eport Cas9 / sgRNA RNP deli v ery in engi-
neered lenti virus-deri v ed particles (LVNPs) leading to po-
tent gene editing in recipient cells. We establish and op-
timize LVNP production for deli v ery of RNP complexes
consisting of Streptococcus pyogenes Cas9 and sgRNA,
implement scaffold-optimized sgRNAs for improved per-
formance, achie v e gene editing within 12 hours of deliv-
ery, demonstrate high on / off-target ratios relati v e to state-
of-the-art nucleofection, and show targeted gene modi-
fication in vivo in the mouse eye. We further refine the
LVNP technolo gy for BE / sgRN A and PE / epegRN A deliv-
ery and show efficient base editing with markedly reduced
bystander editing and prime editing without detectable in-
del formation. These data mark the first examples of in
vivo gene modification and potent BE and PE deli v ery by
e xploiting env eloped particles based on HIV-1 biology for
RNP deli v ery in mammalian cells and expand the options
for effecti v e and safe deli v ery of CRISPR therapeutics. 

MATERIALS AND METHODS 

Cell lines 

All cells were cultured in DMEM (Sigma-Aldrich) supple-
mented with 5% FBS, 100 U / ml penicillin, and 100 �g / ml
streptomycin (Thermo Fischer Scientific). Transgenic cell
lines were maintained in puromycin (1 ug / ml) (Thermo
Fisher Scientific) or blasticidin (5 ug / ml) (Thermo Fisher
Scientific). Cells were maintained at 60–90% confluence at
37 

◦C with 5% carbon dioxide and tested negati v e for my-
coplasma (Eurofins Genomics). 

Plasmid construction 

Construction of all plasmids is described in the Sup-
plementary material. Plasmids were constructed using
NEBuilder ® HiFi DN A Assembl y Master Mix (New Eng-
land BioLabs) and has been deposited to Addgene. In brief,
the plasmid backbone was linearized by digestion with the
r elevant r estriction enzyme (Thermo Fischer Scientific) and
insert(s) were PCR amplified from plasmid DNA and / or
synthetic DNA (TWIST Bioscience). The resulting frag-
ments were combined using NEBuilder ® HiFi DNA As-
sembly Master Mix (New England BioLabs) according to
manufacturer’s instructions. All sgRNAs were designed us-
ing Synthego software or CRISPOR ( 31 ) and pegRNAs by
PegIT ( 32 ) (Supplementary Table S2). 

Nuclease activity assay 

The assa y f or monitoring nuclease activity of SpCas9 de-
li v ered by LVNP2.2 was carried out by seeding 5 × 10 

4

HEK293T cells in a 24-well plate format (Sarstedt). Fol-
lowing 24h of incubation, the cells were transduced with
60 ng LVNP2.2 loaded with SpCas9 and a sgRNA tar-
geting d2eGFP. The LVNP2.2-tranduced cells were subse-
quently co-transduced with LV / PGK-d2eGFP-IRES-Puro
at a MOI of 1 in 24 h intervals (0–7 days) after LVNP2.2
transduction. 24h after the final LV-transduction (8 days
after LVNP2.2 transduction), the LV-transduced cells were
subjected to 1 week of puromycin selection at a concentra-
tion of 1 �g / ml to discard non-transduced cells. After 1
week of puromycin selection, the cells were analysed on a
Nov oCyte flo w cytometer (ACEA Bioscience). The SpCas9
activity was quantified by calculating the KO efficiency ac-
cording to the formula: 

KO efficacy (%) 

= 

(
1 − % d2 e GFP + cells 

)
∗ 100 
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 V, L VNP and eVLP production 

oth LV, IDLV, LVNP and eVLP were produced by tran- 
ient transfection of Lenti-X (Takara Bio). Cells were 
eeded at a density of 3.75–4.00 × 10 

6 in 10-cm dishes and 

ncubated overnight. A calcium phosphate solution ( 33 ) 
ontaining relevant plasmid (Supplementary Table S1) was 
ropwise added to 10-cm dishes and incubated overnight. 
he medium was replenished after 24 h, and the super- 
atant was harvested 48 and 72 h post-transfection. The 
upernatant was passed through a 0.45 um filter and con- 
entrated 300 × by ultracentrifugation in a cushion of 20% 

w / v) sucrose and PBS unless otherwise stated. Ultracen- 
rifugation was performed at 25 000 RPM at 4 

◦C for 2 h in
 Beckman SW27 or SW28 rotor. Pellets were resuspended 

n 85 ul PBS overnight (4 

◦C), pooled (first and second har- 
est), and centrifuged at 1200 RPM to pellet residual debris. 
or in vivo experiments, LVNP3.0 and eVLP was pooled 

rom 9 × 10-cm dishes and additionally concentrated by 

micon filtration (100 kDa, Sigma-Aldrich). The viral con- 
entration was quantified by p24 ELISA (XpressBio) ac- 
ording to the manufacturer’s protocol and stored at −80C 

n aliquots until use. 

iter determination 

he functional titer was estimated by limiting dilution. 
 × 10 

5 HEK293T were seeded in 6-well plates and trans- 
uced with serial dilutions of virus in polybrene (8 �g / ml). 
fter three days, cells were analysed for eGFP expression 

y flow cytometry on a Nov oCyte Flo w Cytometer (ACEA 

iosciences). Dilutions resulting in 5–20% eGFP positi v e 
ells were used to calculate the functional titer: 

T U 

mL 

= 

c e ll c o unt o n day of trans f e c tion ∗ f rac tion of e G F P pos i ti ve c e l l s 
v olume of v irus 

∗di luti o n f acto r

low cytometry 

ells were washed with PBS, detached by trypsinization, 
nd resuspended in FACS buffer (1% BSA, 2.5 mM EDTA, 
5 mM HEPES dissolved in PBS). Cells were analysed on a 

ov oCyte Flo w Cytometer (ACEA Bioscience). Data was 
nalysed in Novo Express v1.5.6 or FlowJo v10.1. 

estern blotting 

 VNP and IDL V was produced either in the presence or ab- 
ence of 2 �M saquinavir (SQV). Ultracentrifuged particles 
90 ng p24) were lysed in RIPA buffer (Thermo Fisher Sci- 
ntific) supplemented with 10 mM NaF and 1 × complete 
rotease inhibitor cocktail (Roche). The lysate was dena- 
ured in XT Sample Buffer supplemented with XT Reduc- 
ng Agent (Bio-Rad), separated by SDS-PAGE, and trans- 
erred to a polyvinylidene fluoride membrane. The mem- 
rane was blocked with 5% skimmed milk dissolved in 

BS / 0.05% Tween-20 for 1 h and incubated overnight with 

 FLAG antibody (Sigma-Aldrich). The membrane was 
ashed and incubated with anti-mouse secondary antibod- 

es (Dako) and visualized by chemiluminescence using Clar- 
ty Western ECL Substrate (Bio-Rad). The antibodies were 
emoved with stripping buffer (Thermo Fisher Scientific), 
nd the membrane was incubated overnight with a p24 an- 
ibody (R&D Systems) followed by anti-rabbit secondary 

ntibodies. 

 r ansduction procedur es 

ells were plated in 24-well plates (Sarstedt) at a den- 
ity of 5 × 10 

4 cells / well (HEK293T, HEK293T-Vegfa, or 
 × 10 

4 cells / well (AML12) and incubated overnight un- 
ess stated otherwise. A mastermix containing the indicated 

mount of LVNP (p24 normalized) and DMEM containing 

olybrene (8 �g / ml) was prepared separately for each con- 
ition. For the 24-well format, 500 ul mastermix was ap- 
lied to replica wells and incubated overnight. Cells were 
arvested 3 days post-transduction and used for down- 
tream analysis. 

enomic DNA extraction and PCR 

enomic DNA was isolated by NaCl / EtOH precipitation 

s previously described ( 20 ). Following resuspension in 

E-buffer or ddH 2 O, 1 �l (1–20 ng) was used for PCR 

mplification of the target region using Phusion Master 
ix (Thermo Fisher Scientific). PCR products were puri- 

ed by gel extraction (Omega Bio-tek) or PCR clean-up 

SAP / EXO). A solution of 0.5 �l FastAP, 0.5 �l Exo1, 9 

l PCR product, and H 2 O to a final volume of 18 �l was
ncuba ted a t 37 

◦C f or 15 min f ollowed b y inactiv a tion a t
5 

◦C for 15 min in a thermocycler. The resulting amplicon 

as sequenced by Eurofins Genomics. The resulting indel 
r equencies wer e deconvoluted by ICE analysis ( 34 ) or DE- 
ODR ( 35 ), EditR for base editing ( 36 ) and CRISPResso2 

 37 ) for prime editing. Primers are listed in Supplementary 

able S3. 

etermination of sgRNA abundance using ddPCR 

otal RNA from ultracentrifuged LVNPs was extracted us- 
ng Roche High Pure miRNA Isolation Kit (Roche Applied 

cience) and treated with DNase I (Thermo Fisher Scien- 
ific) to remove any residual plasmid DNA as previous de- 
cribed ( 38 , 39 ). Both yield and purity were evaluated on a
eNovix DS-11 Spectrophotometer. Equal amounts of in- 

ut RNA were used for cDNA synthesis using Maxima H 

inus cDNA Synthesis Master mix (Thermo Fisher Sci- 
ntific). The cDNA was diluted 2 times (recipient cells) or 
12 times (LVNPs) and quantitati v e droplet digital PCR 

ddPCR) was performed on a QX200TM Droplet Digi- 
alTM PCR System with ddPCR Supermix for Probes (No 

UTP) (BioRad) according to the manufacturer. Primers 
nd probes are listed in Supplementary Table S4. 

lasmid transfection 

lasmids were purified using NucleoBond Xtra Midi (AH 

iagnostics) with endotoxin r emoval. HEK293T wer e 
lated for transfection in 24-well plates (Corning) at a den- 
ity of 5 × 10 

4 cells / well and allowed to adhere overnight. 
ells were transfected with 1 �l TurboFect and 1 �g of 
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plasmid DNA. Unless stated otherwise, 750 ng of base ed-
itor and 250 ng of sgRNA expression plasmid were co-
transfected per well. The medium was replenished after 24
h. The cells were processed for downstream analysis 3 days
post-transfection. 

Nucleofection 

To evaluate on / off-target disruption of the Pcsk9 locus
in AML12, the indicated amount of chemically modified
(2 

′ - O -methyl at 3 first and last bases, 3 

′ phosphorothioate
bonds between first 3 and last 2 bases) sgRNA (Synthego)
and indicated amount of Cas9 protein (Alt-R SpCas9 Nu-
clease V3, IDT) were incubated at 25 

◦C for 15 min. The
RNP solution was applied to 2 × 10 

5 AML12 or HEK293T
cells in 20 �l OptiMEM. Cells were nucleofected using a
4D-nucleofector device (Lonza, Switzerland) in 20 �l Nu-
cleocuvette strips (Lonza) using the program CM-138 set to
P3 buffer. Cells were reseeded in 24-well plates (Corning) in
DMEM until downstream analysis. Genomic DNA was ex-
tracted using QuickExtract (Lucigen) Primers are listed in
Supplementary Table S3 

ChIP-qPCR 

ChIP-qPCR against MRE11 was carried out using a scaled
down version of the DISCOVER-seq protocol ( 40 ). In brief,
5 × 10 

5 AML12 cells were seeded (day 0) and transduced
(day 1) using 180 ng p24 LVNP2.2 for each time point. Cells
were harvested, crosslinked in 1% formaldehyde, washed
in PBS, and stored at −80 

◦C until use. Crosslinked cells
were lysed using 1 ml LB1 followed by 1 ml LB2, and
lastly 100ul LB3. Lysed nuclear extract was sonicated for
15 minutes in 30 second pulses on high using a Biorup-
tor Standard (Diagenode) and mixed with 185 �l LB3 and
15 �l 20% Triton X-100 (Sigma-Aldrich). 5 �l lysed nu-
clear extract was stored as input DNA. The remaining so-
lution was incubated overnight rotating at 4 

◦C with Dyn-
abeads Protein A (Thermo Fisher Scientific) pr epar ed from
10 �l stock bead slurry bound to 1 �g anti-MRE11 (Ab-
cam, ab208020) per sample, the beads were blocked with
0.5% BSA before addition of sample. Beads were washed
5 × in RIPA buffer, 1 × in TBS before the crosslinking was
re v ersed in 200 �l elution buffer, while rotating overnight at
65 

◦C in a hybridization oven alongside the input DNA (5
�l) diluted in 195 �l elution buffer. The eluate was treated
with 8 �l 10 mg / ml RNAse A (Thermo Fisher Scientific)
for 30 minutes at 37 

◦C followed by 4 �l of 20 mg / ml Pro-
teinase K (Thermo Fisher Scientific) treatment for 1 hour
a t 55 

◦C . Hereafter, DNA was purified from the samples us-
ing a MiniElute PCR Purification kit (Qiagen) according
to the manufacturer’s protocol and eluted in 33 �l nucle-
ase free water. Purified DNA (4.8 �l) was used as template
in a 10 �l qPCR reaction using the RealQ Plus 2 × Master
Mix Green without ROX (Ampliqon). Samples were dena-
tured at 95 

◦C for 15 min followed by 40 cycles of (95 

◦C for
10 s; 60 

◦C for 20 s and 72 

◦C for 30 s). A melt curve gra-
dient from 65 

◦C to 97 

◦C was applied with a ramp rate at
0.11 

◦C / s in technical triplicates. The enrichment was calcu-
lated as: Enrichment = 2 

� Ct(on-target region) / 2 

� Ct(control-region) ,
where � Ct = Ct(Input DNA) − Ct(ChIP DNA) ( 40 ).
Primers are listed in Supplementary Table S3. 
In vivo experiments 

Mice were kept on a 12 h / 12 h light / dark cycle at the An-
imal Facilities at the Department of Biomedicine, Aarhus
Uni v ersity, Denmar k. Mice had ad libitum access to Al-
tromin maintenance feed (Altromin) and water. Animals
were handled in accordance with the ‘Statement for the
Use of Animals in Ophthalmic and Vision Research’ from
the Association for Research in Vision and Ophthalmology
(ARVO). All animal experiments were performed under the
approval of The Danish Animal Inspectorate (Case# 2020-
15-0201-00556). 

Subretinal injection 

8-week-old, male C57Bl / 6J mice were purchased from Jan-
vier Labs and allowed to acclimate for a week. Mice ( n = 17)
were anaesthetized by medetomidine hydrochloride 0.5–1
mg / kg (Cepetor) and ketamine 60–100 mg / kg (Ketador).
One drop of 1% tropicamide solution (Mydriacyl) was used
for pupil dilation, and carbomer eye gel (2 mg / g, Vis-
cotears) was used to lubricate the eyes during sedation. For
LVNP2.2, the subretinal space was accessed via a posterior
tr ansscler al approach using an OPMI 1 FR PRO Surgical
microscope (Zeiss), and mice recei v ed an unilateral injec-
tion of 2 �l (16 ng p24) of LVNP2.2 (encoding a sgRNA tar-
geting Vegfa and a transfer vector encoding eGFP) as pre-
viously described ( 41 ). For LVNP3.0 and eVLP, the eye was
perforated posterior to the limbus with a 30-gauge needle. A
34-gauge blunt-ended needle (World Precision Instruments,
NF34BL-2) connected to a microinjection syringe (World
Precision Instruments, NANOFIL) with Silifilex tubing
(World Precision Instruments, SILFLEX-2) was then in-
serted through the opening and advanced through the vit-
r eous cavity. Finally, the r etina was perforated to access the
subretinal space and the compound slowly injected. Each
mouse recei v ed bilateral injections of 1.6 �l (48 ng p24)
of LVNP3.0 (encoding a sgRNA targeting Vegfa ). Anaes-
thesia was re v ersed with Atipamezole hydrochloride 0.5–
1 mg / kg (Antisedan). Mice were kept warm on a heat-
ing pad and transferred back into their cages when mo-
bile. Mice recei v ed subcutaneous injections of carprofen
5 mg / kg (Norodyl) prior to the subretinal injection and
during the subsequent 3 days via their drinking water
(3.33 mg / 100 ml). 

Fundus photography and optical coherence tomography
(OCT) 

To detect eGFP expression in vivo , and to inspect retinal
structures following subretinal injection of LVNP2.2, fun-
dus fluorescence imaging and OCT was carried out 3 days
post-injection according to established protocols ( 42 ) using
a commercial imaging device for rodents, the OCT2 inte-
grated with the Micron IV retinal imaging system and the
accompanying Re v eal softwar e (Phoenix Resear ch Labs). 

RPE / choroid / sclera flat mounts 

5 days post-injection, mice treated with LVNP2.2 were
sacrificed ( n = 3), eyes enucleated, and flat mounts were
pr epar ed as previously described ( 43 ). In brief, eyes were
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leaned and fixed in fresh 4% paraformaldehyde at room 

emperature for 2 h. The cornea, lens, and neuroretina 

er e r emoved, and 8 incisions from the periphery to the 
ptic nerv e enab led flat mounting of the tissue with the 
etinal pigment epithelial (RPE) cells facing upward on a 

uperFrost ®Plus glass slide (Menzel-Glaser). Cover glass 
as mounted using ProLong 

® Gold antifade reagent (In- 
itro gen). Flatmounts were anal ysed for eGFP expression 

y fluor escence microscop y using a Leica DM IRBE (Le- 
ca Microsystems). Images were captured with a Leica DFC 

60 FX camera and associated software (Leica Application 

uite v3). 

ollection of RPE cells and FACS 

PE cells were collected and pooled from LVNP2.2- 
njected mice ( n = 6) and from na ̈ıve (non-injected) eyes 
 n = 3) according to established protocols ( 44 ). One eye was
ost during dissection of the eye cup. In brief, hyaluronidase 
as used to detach the neural retina from the RPE layer fol- 

owed by enzymatic digestion using trypsin combined with 

haking of the eyecup to gently detach the RPE cells from 

he Bruch’s membrane. Following the last centrifugation 

tep, RPE cells were resuspended in FACS buffer (1% BSA, 
.5 mM EDTA, 25 mM HEPES dissolved in PBS) and the 
PE cell solution was transferred to a 100 �m cell strainer 

Thermo Fisher Scientific). Cells were kept on ice and sorted 

mmediately after collection. FACS was performed using a 

hree-laser FACS Aria III cell sorter (FACS Core Facility, 
epartment of Biomedicine, Aarhus Uni v ersity). The gat- 

ng strategy was defined in RPE cells isolated from non- 
njected eyes. Following FA CS , the indel frequency was eval- 
ated in both eGFP-negati v e and eGFP-positi v e popula- 
ions isolated from both na ̈ıve and LVNP2.2-injected eyes. 
rimers are listed in Supplementary Table S3. 

ollection of RPE cells for indel analysis 

ouse eyes treated with LVNP3.0-SpCas9 or eVLP were 
issected under light microscope to separate the posterior 
yecup from the anterior segment, lens, and retina. The 
y ecup was tr ansferred to 350 �l of RLT Plus tissue lysis 
 uffer (Qia gen) and incubated for 1 min. The RPE cells 
ere detached and lysed by gentle pipetting before the re- 
aining eyecup was removed. DNA was extracted from the 
PE cells using the AllPrep DN A / RN A Mini Kit (Qiagen; 

0284) according to manufactures instructions. 

argeted next-generation sequencing 

ibr ary prepar ation was performed using a two-step proto- 
ol. First, the genomic region (HEK3-CTTins) was PCR 

mplified using primers with TruSeq dual-index adapter 
verhangs (IDT; Supplementary Table S6) in 2X Phusion 

lus PCR Master Mix (Thermo Fischer Scientific). PCR1 

as performed as follows: 98 

◦C for 30 s; 25 cycles of (94 

◦C
 or 30 s, 63 

◦C f or 10 s and 72 

◦C for 30 s); 72 

◦C for 5 min.
he amplicon was purified using HighPrep ™ PCR Clean-up 

eads (MAGBIO Genomics) and quantified using a Qubit 
ex fluorometer (Thermo Fischer Scientific). A secondary 

CR was run with indexing primers (IDT; Supplementary 
able S6): 25 uL 2X Phusion Plus PCR Master Mix, 1 ul 
ndexing primers (5 uM), 4 ng PCR1 amplicon, and milli-Q 

 ater. PCR2 w as perf ormed as f ollows: 98 

◦C f or 30 s; 8 cy-
les of (94 

◦C for 30 s, 60 

◦C for 10 s and 72 

◦C for 30s); 72 

◦C
or 5 min. The amplicon was purified and measured as de- 
cribed above and diluted to a final concentration of 1 nM 

n RSB buffer (10 mM Tris–Cl, pH 8.5). P air ed-end libraries 
150 bp) were sequenced on iSeq100 (Illumina) according to 

he manufacturer’s instructions. The le v el of genome editing 

as quantified using CRISPResso2 ( 37 ) using standard set- 
ings. Oligonucleotides for NGS are listed in Supplementary 

able S5. 

tatistical analysis 

ata are presented as mean ± standard deviation (SD). Sig- 
ificant P -values were determined by the Mann–Whitney 

 -test. Sample size and the statistical tests used are de- 
cribed in the figure legends. All statistical analysis was per- 
ormed using GraphPad Prism v9. 

ESULTS 

argeted DNA cleavage by cas9 / sgRNA RNPs incorporated 

n LVNPs by C-terminal fusion to GagPol 

entiviruses, including human immunodeficiency virus 
ype 1 (HIV-1), assemble through multimerization of Gag 

nd GagPol polypeptides at the plasma membrane. In con- 
ugation with a dimeric RNA genome, Gag and GagPol 
olypeptides are embedded in and accumulate at a seg- 
ent of the plasma membrane leading to budding of en- 

eloped virus particles from virus-producing cells. Released 

irus particles are immature and undergo ma tura tion trig- 
ered b y cleav age of the polypeptides b y the viral protease. 
o incorpora te Str eptococcus pyog enes Cas9 (SpCas9) in 

VNPs (Figure 1 A, B), we first fused FLAG-tagged Sp- 
as9 to the integrase protein in the C-terminus of Gag- 
 ol (pGagP ol-IntSpCas9), based on the ra tionale tha t this 
trategy (r eferr ed to as LVNP1.0) was less likely to interfer e
ith virus function due to the restricted number of GagPol 
olecules, relati v e to Gag, in the particles ( 45 ). To facili-

ate protease-dir ected r elease of SpCas9 from GagPol dur- 
ng virion ma tura tion, a protease cleavage site (PCS) was in- 
orporated between integrase (C-terminal end of Pol) and 

pCas9 (Figure 1 C), and the presence of 160-kDa SpCas9 

rotein in LVNP1.0, indicati v e of effecti v e SpCas9 incor- 
oration and release from GagPol during particle matu- 
ation, was confirmed (Supplementary Figure S1a). Next, 
y co-packaging eGFP-encoding vector RNA, we observed 

hat the transductional titer of LVNP1.0 was markedly re- 
uced compared to a standard integr ase-defective lentivir al 
ector (IDLV) without SpCas9 protein (Figure 1 D), sug- 
esting that the yield of virus particles capable of transfer- 
ing the eGFP reporter gene was restricted. To study func- 
ional LVNP transfer of SpCas9, we investigated two routes 
or sgRNA deli v ery based on (i) packaging of a sgRNA- 
ncoding vector genome or (ii) over expr ession of sgRNA 

n LVNP-producing cells. By packaging a vector containing 

 U6-dri v en e xpression cassette encoding a sgRNA target- 
ng the AFF1 gene (LentiGuide-Puro; Supplementary Fig- 
re S1b), modest indel frequencies ( ∼8%) were observed 
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Figure 1. Incorporation of SpCas9 into lenti virus-deri v ed nanoparticles (LVNPs). ( A ) Schematic r epr esentation of LVNP and ( B ) LVNP loaded with 
a vector genome. ( C ) Schematics of pGagPol-IntSpCas9 composed of FLAG-tagged SpCas9 fused to the C-terminus of the integrase domain (encoded 
by Pol) and flanked by a PCS for HIV-1 proteolytic release. ( D ) Functional titers of IDL V / PGK-eGFP and L VNP1.0 / PGK-eGFP was ev aluated b y 
flow cytometry. ( E ) Indel frequencies in the AFF1 locus after transduction with increasing dosages of LVNP1.0. ( F ) Schematics of pGagPol-MatSpCas9 
composed of FLAG-tagged SpCas9 fused to the N-terminal of Gag harbouring an intervening phospholipase C- �1 pleckstrin homology (PH) domain. 
( G ) Western Blot analysis of FLAG-tagged SpCas9 (FLAG antibody) and p24 loading control of purified LVNP2.0 (90 ng p24) and IDLV (90 ng p24) 
produced in the presence / absence of the HIV-1 protease inhibitor saquinavir (SQV). ( H ) Estimation of functional titers of LVNP2.0 with / without titration 
of increasing amounts of pGagPol-D64V. ( I ) Indel frequencies in the AFF1 locus after transduction with increasing dosages of LVNP2.0 (a 1:3 ratio 
of pGa gPol-D64V:pGa gPol-MatSpCas9 was used). ( J ) Indel frequency after transduction of LVNP2.0 with (+) and without ( −) VSV-G pseudotyping. 
Significant P -values (Mann–Whitney U -test) are marked by * P < 0.05, ** P < 0.01, *** P < 0.005. All data is presented as ±SD of triplicates. n.s: non- 
significant. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

in recipient HEK293T cells without selection (Supplemen-
tary Figure S1c). In contrast, by co-transfection of a stan-
dar d sgRNA e xpression plasmid (U6-sgRNA-CBh-eGFP;
Supplementary Figure S1d) in LVNP-producing cells to-
gether with the remaining plasmids required for LVNP1.0
production (Supplementary Table S1), we observed disrup-
tion of the AFF1 locus in a dose-dependent manner in
LVNP-treated cells, with a peak indel frequency at ∼38%
in the bulk population of HEK293T cells without selec-
tion (Figure 1 E). Notably, indels were not observed follow-
ing transduction of LVNP1.0 without vesicular stomatitis
virus gly coprotein (VSV-G) env elope protein (Supplemen-
tary Figure S1e), suggesting that gene disruption occurred
after uptake of LVNP1.0 by VSV-G-directed endocytosis.
Collecti v ely, we demonstrate robust LVNP1.0-directed tar-
geted DNA cleavage following plasmid-based sgRNA over-
expression in the LVNP-producing cells. 

Enhanced efficacy of SpCas9 fused to N-terminus of
gag / GagPol-D64V 

Next, to optimize incorporation of SpCas9 in LVNPs,
we fused FLAG-tagged SpCas9 to the N-terminus of
Ga g / Ga gPol harbouring an intervening phospholipase C-
�1 pleckstrin homology (PH) domain thought to serve as
the membrane anchoring motif ( 46 ). This fusion protein,
which mimicked the stra tegy tha t we previously used for
incorporation of zinc finger nucleases (ZFNs) and TAL-
effector nucleases into lentiviral particles ( 22 ), was ex-
pressed from pGagPol-MatSpCas9 (Figure 1 F). Using this
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onfiguration, r eferr ed to as LVNP2.0, we confirmed ef- 
ecti v e SpCas9 incorporation and release from Gag dur- 
ng ma tura tion (Figur e 1 G; Supplementary Figur e S2a). 
n addition, when LVNP2.0 was produced in the pres- 
nce of saquinavir (SQV), an inhibitor of the protease, 
elease of both p24 and SpCas9 was restricted, confirm- 
ng tha t libera tion of SpCas9 was directed by HIV-1 pro- 
ease (Figure 1G; Supplementary Figure S2a). Notably, the 
ene transfer capacity of LVNP2.0 was markedly restricted 

Figure 1 H), but gene transfer could be reconstituted 

n a dose-dependent manner by adding packaging plas- 
id encoding normal Ga g / Ga gPol-D64V during LVNP2.0 

roduction (Figure 1 H), as we previously described for 
VNPs packaging transposases and zinc-finger nucleases 
 19 ). We then produced SpCas9-loaded LVNP2.0 carry- 
ng the LentiGuide-Puro vector encoding AFF1 -targeting 

gRNA and observ ed mar kedly higher le v els of gene dis- 
uption in recipient cells relati v e to the LVNP1.0 configura- 
ion (26% versus 8% indels; Supplementary Figure S2b). In- 
riguingly, in HEK293T cells exposed to LVNP2.0 incorpo- 
ating AFF1 -targeted sgRNA that was transiently expressed 

rom pU6-sgRNA-CBh-eGFP in the producer cells, we ob- 
erved a dose-dependent increase in AFF1 disruption lead- 
ng to > 50% indel formation in the bulk cell population 

ith a dose corresponding to 90 ng p24 (Figure 1 I). In con-
rol experiments, we found that the uptake of LVNP2.0, re- 
ulting in 82% indel formation in the AFF1 locus, was de- 
endent on endocytosis mediated by the VSV-G pseudotype 
Figure 1 J). Together, these findings demonstrate effecti v e 
o-incorporation of SpCas9 and sgRNA in LVNP2.0, sup- 
orting effecti v e deli v ery and targeted gene disruption in re-
ipient cells. 

odified sgRNA scaffolds enhance LVNP2.0-directed gene 
isruption 

e hypothesized that LVNP2.0-directed DNA cleavage 
ould be further enhanced by incorporating sgRNAs with 

mproved stability. This could potentially favour the inter- 
ction between SpCas9 and sgRNA and reduce sgRNA 

egradation during LVNP2.0 biogenesis. For LVNP2.0 tar- 
eting thr ee differ ent genes ( Pcsk9, Vegfa and SERPING1) , 
e compared two scaffold-optimized sgRNAs (OptScf1 

 47 ) and OptScf2 ( 48 )) with the chimeric sgRNA (Chim-
cf ( 2 )) (Figure 2 A–C). For Pcsk9 and Vegfa , LVNP2.0- 
irected gene disruption was investigated in murine AML12 

epatocytes and HEK293T cells carrying an inserted 

urine Vegfa gene cassette ( 49 , 50 ), respecti v ely, resulting 

n complete gene disruption (Figure 2 D, E). In contrast, 
nly 25% indel formation was observed in the endogenous 
ERPING1 locus in HEK293T (Figure 2 F), possibly re- 
ecting low accessibility due to low transcriptional activity 

n this locus in HEK293T cells (according to the RNAseq 

atabase in the Human Protein Atlas). In all cases, indel 
ormation improved with increasing dosages of LVNP2.0. 
o discriminate performance between sgRNA scaffolds, the 
osing was reduced to 7.5 ng p24 to avoid complete dis- 
uption of Pcsk9 in murine AML12 hepatocytes (Figure 
 D), whereas differences were most evident at 60 ng for 
egfa in transgenic HEK293T-Vegfa cells (Figure 2 E). In 

oth cases, and in particular at lower doses, the OptScf2 
caff old perf ormed best (Figure 2 D, E), whereas no signifi- 
ant differences were observed for SERPING1 (Figure 2 F). 
he difference in sgRNA performance leading to variable 
diting efficiencies may be attributable to genomic acces- 
ibility and sgRNA design. To determine whether the dis- 
repancy in scaffold performance was a result of improved 

gRNA incorporation, we performed digital droplet PCR 

ddPCR) on RNA isolated from p24-normalized amounts 
f L VNP2.0. For L VNP2.0 loaded with OptScf2 for both 

csk9 and Vegfa (Figure 2 F, H), but not SERPING1 (Fig- 
re 2 I), we observed a significant increase in sgRNA abun- 
ance. These results demonstrate increased sgRNA incor- 
oration and LVNP2.0 efficacy using the OptScf2 scaffold 

n VSV-G-pseudotyped LVNPs. We refer to this scaffold- 
ptimized configuration as LVNP2.1. 

pCas9-dependent sgRNA incorporation in LVNP2.1 

o elucidate whether incorporation of sgRNA was depen- 
ent on co-packaging of SpCas9 protein or a result of ran- 
om incorporation due to ov ere xpression in the producer 
ells, we measured the sgRNA abundance in LVNP2.1. As 
egati v e control, we used LVNPs loaded with ZFNs fused 

o the N-terminus of Ga g / Ga gPol, for which we have pre-
iously demonstrated effecti v e protein packaging ( 22 ). We 
bserved SpCas9-dependent incorporation of sgRNA in 

VNP2.1, w hereas onl y background le v els were observ ed in 

FN-loaded LVNPs (Figure 2 J). To rule out background 

ignals from plasmid DNA, we included LVNP2.1 pro- 
uced by co-transfection with a sgRNA expression plas- 
id lacking the U6 pr omoter. Only backgr ound le v els of 

gRNA were observed, consistent with SpCas9-dependent 
gRNA incorporation (Figure 2 J). These results corrobo- 
a te tha t pre-assemb led SpCas9 / sgRNA RNP comple xes 
re incorporated during assembly of LVNP2.1. 

djustment of LVNP stoichiometry enhances LVNP2.1 per- 
ormance 

o maximize LVNP2.1 yield without compromising effi- 
acy, we explored the plasmid stoichiometry during LVNP 

roduction by adjusting the ratio of transfected plas- 
id DNA (Supplementary Table S1). We tested 11 differ- 

nt ratios of the packaging plasmids pGagPol-MatSpCas9 

nd pGagPol-D64V during production. Increasing p24 

ield was observed with increasing amount of pGagPol- 
64V plasmid (Figure 3 A), suggesting that the SpCas9 fu- 

ion domain had an overall negative impact on LVNP2.1 

roduction. Howe v er, the indel frequencies in transgenic 
EK293T-Vegfa cells ranged from 75 to 98% in cells 

reated with LVNP2.1 corresponding to 60 ng p24 and 

rom 25 to 46% with a lower dose (15 ng p24) (Figure 3 B).
his suggested that equal amounts of LVNP2.1 (based on 

24 measurements) supported comparable levels of gene 
isruption, thus favouring LVNP2.1 compositions with 

igh yield. We chose the 70 / 30 (pGa gPol-D64V / pGa gPol- 
atSpCas9) composition as it retained full activity with 

 negligible drop in yield. To ensure maximum packag- 
ng of sgRNA in LVNP2.1, we employed ddPCR to de- 
ermine the sa tura ting amount of sgRNA expression plas- 
id. The sgRNA abundance in LVNP2.1 was largely un- 

ffected (350–400 sgRNA copies / �l) by the ratio between 
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Figure 2. Incorporation of scaffold-modified sgRNAs in LVNPs. ( A – C ) Schematics of the chimeric scaffold (ChimScf), optimized scaffold 1 (OptScf1) and 
optimized Scaffold 2 (OptScf2). The modifications are highlighted in red. ( D – F ) Heatmaps representing the indel frequency corresponding to the indicated 
p24 dose for ChimScf, OptScf1 and OptScf2 for (D) Pcsk9 in AML12 hepa tocytes, ( E ) Vegf a in transgenic HEK293T-Vegfa cells, and ( F ) SERPING1 in 
HEK293T. ( G – I ) The sgRNA abundance was determined by digital droplet PCR (ddPCR) in purified LVNP2.0 loaded with indica ted scaf f old f or (G) 
Pcsk9, (H) Vegfa and (I) SERPING1. ( J ) The sgRNA abundance in purified LVNP2.1 produced with / without inclusion of the U6 promoter in the sgRNA 

expression backbone and in LVNPs loaded with Zink Finger Nucleases (ZFN) instead of SpCas9 ( n = 1). Significant P -values (Mann–Whitney U -test) are 
marked by * P < 0.05. All data is except panel j is presented as ±SD of triplicates. Significant P -values (Mann–Whitney U -test) are marked by * P < 0.05. 
n.s: non-significant. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

transfer vector plasmid (pCCL-PGK-eGFP) and sgRNA-
encoding plasmid (pU6-sgRNA-CBh-eGFP), although a
significant drop was evident when the sgRNA expression
plasmid was reduced to 20% (Figure 3 C). Whereas the indel
fr equencies wer e comparable for the six tested configura-
tions (Figure 3 D), we found a positi v e correlation between
the percentage of eGFP-positi v e cells and the amount of
pCCL-PGK-eGFP in the production (Figure 3E; Supple-
mentary Figure S3). We chose the 60 / 40 ratio to maintain
a high rate of vector transfer capacity without compromis-
ing Cas9 / sgRNA RNP sa tura tion. To consolida te the opti-
mized configuration (r eferr ed to as LVNP2.2), we targeted
four genes, Pcsk9, Vegfa, Fah, and AFF1 , in appropriate
cell lines and showed high indel frequencies above 75% in
all these loci (Figure 3 F). In summary, we find that LVNP
efficacy can be optimized by modulating stoichiometry of
plasmids during production. 

T r ansient LVNP-based RNP delivery reduces off-target
DNA cleavage activity 

To investigate the kinetics of LVNP2.2-directed genome
editing, we first performed ChIP-qPCR against the double-
strand br eak r epair protein MRE11 a t dif ferent time points
after deli v ery. This analysis demonstrated a ∼10-fold en-
richment of MRE11-bound on-target DNA 8 hours after
LVNP tr eatment, compar ed to background, and > 20-fold
enrichment after 12 hours (Figure 4 A). Accordingly, indels
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Figure 3. Impact of ratio of LVNP production plasmids on yield and efficacy. ( A ) The optimal LVNP2.1 stoichiometry was ev aluated b y titration of 
increasing amounts of pGagPol-D64V versus pGagPol-MatSpCas9 (13 �g plasmid in total) in producer cells to maximize LVNP production. The con- 
centration ( �g / ml) was determined by p24 ELISA after purification and resuspension in equal volumes of buffer ( n = 1). ( B ) Corresponding Vegfa indel 
frequencies following administration to transgenic HEK293T-Vegfa cells (60 and 15 ng p24) ( n = 1). ( C ) Determination of sgRNA abundance in purified 
LVNP2.1 produced by titration of increasing amounts of pCCL-PGK-eGFP (transfer vector) versus pU6-sgRNA-CBh-eGFP (13 �g plasmid in total) 
( n = 3). ( D ) The corresponding Vegfa indel frequencies by Sanger sequencing, and ( E ) percentage of eGFP-positi v e HEK293T-Vegfa cells by flow cytom- 
etry after transduction of the in (C) produced LVNP2.1 (60 ng and 15 ng p24) ( n = 1). ( F ) Performance of LVNP2.2 across multiple loci including Pcsk9 
(AML12), V egfa (HEK293T-V egfa), Fah (Fah reporter cells), AFF1 (HEK293T) and scrambled control (HEK293T) determined by indel frequencies (black 
columns) and transduction ef ficacy estima ted by flow cytometry (purple columns) ( n = 3). Panel C and F ar e pr esented as the mean ± SD of triplicates. 
NTC: non-transduced control, Scr: scrambled sgRNA, –RT: minus reverse transcriptase. 
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ppeared after 8 h, reaching > 40% indels after 12 h and 

 plateau at > 85% indels after 24 h (Figure 4 B). To in-
estigate the durability of RNP activity after LVNP deliv- 
ry, we de v eloped a dual-fluorescent reporter system mon- 
toring endonuclease activity after administration (Figure 
 C). HEK293T cells were first transduced with LVNP2.2 

loaded with sgRNAs targeting d2eGFP and a transfer vec- 
or encoding mCherry) and subsequently with LV / PGK- 
2eGFP-IRES-Puro at different time points, allowing the 

ongevity of Cas9 / sgRNA RNPs after administration to 

e evaluated by measuring d2eGFP expression by flow 

ytometry (Supplementary Figure S4A–E). Following co- 
ransduction at day 0, the knockout efficacy reached > 90% 

onfirming the high potency of pre-assembled RNP com- 
lex es (Figur e 4 D). The efficacy decreased in a stepwise and 

ime-dependent manner, with no detectable RNP activity 4 

ays after LVNP2.2 transduction (Figure 4 D). 
Based on the immediate and short-term activity of RNPs 

fter LVNP deli v ery, we specula ted tha t this deli v ery ap-
roach would support high on / off-target DNA cleavage 
ates and compared with standard RNP nucleofection. To 

etermine the ´time-to-e v ent´ in an endogenous locus, we 
argeted the Pcsk9 gene in AML12 cells and measured the 
n / off-target kinetics over the course of 14 days using a 

romiscuous sgRNA with known off-target sites ( 51 ). We 
 valuated the le v el of off-target disruption in off-target lo- 
us 1 (Off-target 1; Supplementary Figure S5a) following 

dministration by (i) nucleofection of recombinant SpCas9 

omplexed with synthetic sgRNA targeting Pcsk9 and (ii) 
VNP2.2 loaded with the same sgRNA (encoded by plas- 
id) targeting Pcsk9 . Accompanying molecular analysis re- 

ealed > 90% on-target and > 70% off-target e v ents within 

2 h after SpCas9 / sgRNA RNP nucleofection without fur- 
her accumulation over time (Figure 4 E). In contrast, we 
ound no detectable off-target e v ents in AML12 hepato- 
ytes exposed to LVNP2.2 (15 ng p24; Figure 4 E), although 

he le v el of on-target disruption was comparab le to RNP 

ucleofection (Figure 4 E). To examine whether off-target 
leavage was detectable after LVNP treatment, we treated 

he cells with increasing dosages of LVNP2.2, most facil- 
tating full on-target activity (Figure 4 F). Indel formation 

n Off-target 1 was indeed detectable at dosages of 60 ng 

24 and higher (Figure 4 F), corresponding to a > 5-fold in- 
rease in dosing needed to obtain complete on-target gene 
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Figure 4. Transient DNA cleavage activity and reduced genotoxicity by LVNP-directed genome editing. ( A ) The emergence of double-stranded DNA 

breaks in Pcsk9 was evaluated over the course of 24 h in MRE11 ChIP-qPCR experiments. Fold enrichment refers to the ratio of MRE11-bound on- 
target DNA compared to background, as measured by qPCR. NTC: Non-transduced control. ( B ) The indel frequency was measured continuously in the 
Pcsk9 locus in AML12 hepatocytes after LVNP2.2 transduction. ( C ) Schematic presentation of the dual fluorescence assay to monitor RNP kinetics. ( D ) 
HEK293T cells were transduced by LVNP2.2 / PGK-mCherry-sgRNA-d2eGFP and co-transduced with LV / PGK-d2eGFP-IRES-Puro at the indicated 
time points. Using flow cytometry, we calculated the le v el of d2eGFP knockout at each time point to evaluate the kinetics of transient LVNP deli v ery. 
( E ) Monitoring of on / off-target e v ents in the Pcsk9 locus and a well-characterized off-target locus (Off-target 1) following nucleofection (6 �g Cas9, 3.2 
�g sgRNA) or LVNP2.2 transduction (60 ng p24) in murine AML12 hepatocytes. ( F ) AML12 hepatocytes was transduced with increasing amount of 
LVNP2.2 loaded with a sgRNA targeting Pcsk9 . The emergence of indels in off-target site 1 was evaluated by Sanger sequencing 3 days after transduction. 
( G ) Identification of additional off-target sites following nucleofection (6 �g Cas9, 3.2 �g sgRNA) or LVNP2.2 (15 ng p24). ( H ) Same as (D) following 
nucleofection at non-saturation conditions (2 �g Cas9, 0.7 �g sgRNA). ( I ) Indel frequencies in AML12 hepatocytes transduced with LVNP2.2 (5 ng p24) 
or decreasing amounts of Cas9 / sgRNA RNP nucleofection (red bars: 6 ug Cas9 + 3.2 ug sgRNA; green bars: 6 ug Cas9 + 0.64 ug sgRNA; blue bars: 2 ug 
Cas9 + 0.64 ug sgRNA; purple bars: 2 ug Cas9 + 0.46 ug sgRNA). All data is presented as ± SD of triplicates. n.d.: not detected. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

disruption. Notably, the incidence plateaued at approxi-
mately 5% after 72 h (Figure 4 F) with no further accumu-
lation over time (Supplementary Figure S5b, c) consistent
with the decay of LVNP2.2-deli v ered RNPs (Figure 4 D).
To further explore the relationship between on / off-target
abundancy, we reduced the dosing of nucleofected RNPs
to non-sa tura ting conditions (2 �g Cas9; 0.7 �g sgRNA)
providing indel rates at 90% (Figure 4G; Supplementary
Figure S5d, e) and expanded the analysis to include ad-
ditional kno wn off-tar get loci (Off-tar get sites 2–4) (Fig-
ure 4 G). With this dose, cleavage in Off-target 1 was not
evident suggesting that indel formation in this locus was
dependent on the amount of nucleofected RNP. Howe v er,
among the additional sites, we found high off-target activ-
ity in Off-target 4 after nucleofection (Figure 4 G). Interest-
ingl y, DN A cleavage leading to indel formation was not de-
tected in this site after LVNP tr eatment (Figur e 4 G). Using
the same RNP nucleofection dose (2 �g Cas9; 0.7 sgRNA)
in a dual-fluorescence reporter assay (similar to the setup
used for LVNP in Figure 3 C), we found evidence of pro-
longed RNP activity with detectable levels of gene disrup-
tion 6 days after RNP nucleofection (Figure 4 H). Finally,
we directly compared on- and off-target cleavage between a
LVNP dose resulting in very high on-target indel formation
( > 95%) and decreasing dosages of nucleofected RNP. No-
tabl y, w hereas cleavage in Off-target 1 vanished with lower
dosages of RNP, cleavage in Off-target 4 remained evident
with all nucleofected RNP dosages (Figure 4 I). In contrast,
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ndel formation was not observed in any of the two off- 
arget sites with LVNP treatment, despite the higher le v el 
f on-target activity (Figure 4 I). Collecti v ely, these findings 
re consistent with a model suggesting that low-abundant 
VNP-based RNP deli v ery is sufficient to produce high lev- 
ls of gene disruption and may reduce the le v el of genotoxi- 
ity typically associated with prolonged and high-abundant 
NP deli v ery. 

n vivo gene disruption in mouse retina using LVNP as a 

ehicle of RNPs 

o determine the effecti v eness of in vivo genome editing, we 
hose to target Vegfa in retinal pigment epithelial (RPE) 
ells in the murine eye (Figure 5 A). First, LVNP2.2 (loaded 

ith SpCas9 and sgRNAs targeting Vegfa as well as vec- 
or RNA encoding eGFP) was administered by subretinal 
njection (Figure 5 B) to the left eye ( ∼16 ng p24), whereas 
he right eye served as negati v e control ( n = 10 mice). Each
ouse was examined by optical coherence tomo gra phy 

OCT) and fundus photo gra phy to confirm reattachment of 
he neuroretina and monitor for eGFP expression (Figure 
 C). No eGFP expression was detectable by in vivo fluores- 
ence imaging. Howe v er, following sacrifice of the mice and 

nucleation, we found eGFP expression in two out of three 
etinal flatmounts consistent with LVNP2.2-directed eGFP 

ene transfer (Figure 5 D). To evaluate the le v el of Vegfa 

nockout, the RPE cells were isolated and pooled ( n = 6) 
nd separated into eGFP-positi v e or eGFP-negati v e pop- 
lations by FACS (Supplementary Figure S6a). Accompa- 
ying molecular analysis re v ealed 17% indel formation in 

he targeted Vegfa locus in eGFP-positi v e cells (Figure 5 E) 
ithout any detectable off-target events (Figure 5 F). 
To further improve in vivo editing rates, we engineered 

articles that could potentially better accommodate large 
usion proteins. In the LVNP3.0 configuration, we deleted 

 egions encoding r e v erse tr anscriptase and integr ase from 

he pol gene, allowing production of a polypeptide con- 
aining Gag, the viral pr otease (Pr o), and the pr otein of 
nterest (POI), the latter fused to the C-terminus of Gag 

hrough a linker containing a PCS, 3xFLAG, and an ad- 
itional NLS to enhance nuclear localization ( 52 ) (r eferr ed 

o as pGagPro). This configuration was validated by fusing 

pCas9 to the C-terminus of GagPro (Figure 5 G). Using 

VNP3.0-SpCas9, we found slightly improv ed le v els of gene 
isruption of two loci, Fah and Pcsk9 , as compared to the 
VNP2.2 configuration (Figure 5 H). 
Based on the LVNP3.0 configuration, we also optimized 

he LVNP production by including an additional purifi- 
ation step by Amicon filtration (Supplementary Figure 
6b). Moreov er, to benchmar k the LVNP platform, we 
ompared the performance of LVNP3.0 with engineered 

irus-like particles (eVLPs) deri v ed from murine leukemia 

irus (MLV). eVLPs wer e r ecently shown to facilitate de- 
i v ery of BE and sgRNA in the mouse eye ( 28 ). Here, we
roduced LVNPs and eVLPs loaded with SpCas9 and a 

gRNA targeting Vegfa . As eVLPs were previously pro- 
uced without vector RNA, we chose to produce both types 
f particles without vector RNA. As a result, transduc- 
ional titers could not be determined, and ther efor e we 
sed the same volume of LVNP and eVLP that were pro- 
uced, concentrated, and purified in parallel. Following ad- 
inistration to HEK293T-Vegfa cells, we found equal lev- 

ls of Vegfa disruption at a pproximatel y 56% (2 �l) for 
oth LVNP and eVLP (Figure 5 I). For in vivo experi- 
ents, we deli v er ed LVNPs or eVLPs by subr etinal injec- 

ion (1.6 �l, corresponding to 48 ng p24) (Figure 5 J). Af- 
er 4 days, the mice were sacrificed, and the le v el of Vegfa
isruption was determined in RPE cells. Intriguingly, we 

ound up to 32% Vegfa disruption for eyes treated with 

VNPs (median 22.2%) and up to 36% for eVLP-treated 

yes (median 20.5%) in the bulk population of cells with- 
ut FACS (Figure 5 K). Collecti v ely, these findings provide 
vidence for LVNP-directed in vivo genome editing and sug- 
est that this platform supports in vivo targeted DNA cleav- 
ge at le v els that are comparable with an MLV-based eVLP 

onfiguration. 

VNP-directed base editing with reduced bystander editing 

nd prime editing without indel formation 

o demonstrate LVNP-directed gene editing without 
reating double-stranded breaks, we first incorporated 

he FLAG-tagged adenine base editor ABE7.10 ( 14 ) in 

VNP2.2-F7.10 (pGagPol-MatF7.10; Supplementary Fig- 
re S7a). By incorporation of OptScf2-type sgRNA display- 

ng high performance in transfection-based assays (Supple- 
entary Figure S7b), we found LVNP2.2-F7.10-directed 

ase editing in 17% of the HEK293T cell genomic site 2 

her eafter r eferr ed to as ‘Site 2 

′ ) alleles ( 14 ) in a VSV-G de-
endent manner (Figure 6 A). Based on the LVNP3.0 con- 
guration, we then engineered pGagPro-ABE8e ( 53 ) (Fig- 
re 6 B) and found robust le v els of base editing in Site 2
anging between 18 and 45% in a dose-dependent manner 
Figure 6 c-d). LVNP deli v ery almost matched the le v el of
ase editing observed with DNA transfection in HEK293T 

ells (Figure 6 C, D). Notabl y, w hen evaluating the level of 
ystander editing at two adenines (A2 and A8) amenable to 

ystander editing within the sgRNA target region in Site 2 

position of the adenines), the percentage of bystander edit- 
ng relati v e to on-target editing was mar kedly reduced at 
osition A2 and A8 in cells treated with LVNP3.0-ABE8e 
ompared to plasmid-transfected cells (Figure 6e; Supple- 
entary Figure S7c). 
To investigate the capacity of LVNPs to accommodate 

nd deli v er prime editors, we constructed LVNP3.0-PEmax 

PEmax described in ( 54 )) and LVNP3.0-PEmax � RH, the 
atter which ferries a truncated version of PEmax contain- 
ng an MLV-RT domain devoid of the RNase H domain 

 55 ) (Figure 6 B). To support RNP stability, we expressed 

nd incorporated engineered pegRN As (epegRN As) con- 
aining a structural motif (tevopreQ1) at the 3 

′ end to min- 
mize degradation ( 56 ). By exposing HEK293T cells to 

VNPs loaded with PEmax and an epegRNA targeting 

EK3 (CTTins), we found robust le v els of CTT insertion 

6%) in the HEK3 locus without detectable indel formation 

 < 0.01%) using targeted next-generation sequencing (Fig- 
re 6F; Supplementary Figure S8a, b). For PEmax � RH, 
e found comparable editing rates (5%) without indel for- 
ation (Figure 6F; Supplementary Figure S9a, b). Collec- 

i v ely, our da ta demonstra te the capacity of LVNP to de-
i v er larger genome editing toolkits including prime editing 
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Figure 5. Gene disruption in the murine eye. ( A ) Time course for in vivo evaluation of LVNP2.2-directed Vegfa disruption. ( B ) Administration of 2 �l 
(16 ng p24) LVNP2.2 (encoding a sgRNA targeting Vegfa and an eGFP-encoding transfer vector) by injection into the subretinal space in 8-week-old, 
male C57Bl / 6J mice ( n = 10). ( C ) Representati v e fundus and OCT images of the murine retina from two mice injected with L VNP2.2. ( D ) L VNP2.2 
transduction of murine RPE cells was confirmed in retinal flat mounts by fluorescence microscopy. Upper: Visualization of eGFP expression (green 
channel) and autofluorescence (Texas Red channel) in r epr esentati v e sections. Lower: close-up of the r ed squar e. Scale bars: 50 �M (upper) and 20 �M 

(lower). ( E ) The frequency of ́ on-target´ disruption of Vegfa in eGFP positi v e FACS sorted cells , and ( F ) for two off-target loci. ( G ) Schematics of the 
pGa gPro-SpCas9 packa ging constructs. ( H ) Comparison of the performance of L VNP2.2 and L VNP3.0, both carrying SpCas9 and sgRNA targeting 
Fah and Pcsk9 (both 7.5 ng p24) in Fah reporter cells and AML12 hepatocytes, respecti v ely. Significant P -values (Mann–Whitney U -test) are marked by 
* P < 0.05 and presented as ±SD of triplicates. ( I ) Indel frequencies in transgenic HEK293T-Vegfa cells following transduction of LVNP3.0 or eVLPs 
loaded with a sgRNA targeting Vegf a . ( J ) Administra tion of 1.6 �l (48 ng p24) LVNP3.0 or 1.6 �l eVLP by injection into the subretinal space in 8-week- 
old, male C57Bl / 6J mice ( n = 6 eyes for each condition +2 controls). ( K ) The le v el of Vegfa disruption in RPE cells isolated from the murine eye cup. 
Significant P -values (Mann–Whitney U -test) are marked by * P < 0.05, ** P < 0.01. All data is presented as ±SD of at least triplicates. n.s: non-significant. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

RNPs consisting of PEmax (with a size of 230 kDa) com-
plexed with epegRNA. These findings may pave the way
for the de v elopment of LVNP-based formulations for thera-
peutic deli v ery of base and prime editors allowing gene edit-
ing without DSB formation and the need of an HDR donor
sequence. 

DISCUSSION 

By engineering of lenti virus-deri v ed nanoparticles to ferry
RNP comple xes, we hav e demonstrated potent gene knock-
out, base editing, and prime editing in a DNA-free fash-
ion that is compatible with no transfer of genetic material
except for sgRNAs or epegRNAs. We showed that LVNP
yield is negati v ely affected by incorporation of Cas fusions
and that both yield and titer may be reconstituted by titra-
tion of unfused Ga g / Ga gPol-D64V, allowing assembly of
chimeric virus particles consistent with previous studies
( 19 , 27 ). LVNP efficacy was improved further by incorpo-
ration of scaffold-modified sgRNAs (LVNP2.1) and opti-
mal stoichiometry of packaging plasmids during produc-
tion balancing high yields and activity in recipient cells
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A B C

FED

Figure 6. LVNP-directed base and prime editing. ( A ) The conversion rate at ́ site 2´ after transduction of VSV-G-pseudotyped LVNP2.2-F7.10 (90 ng 
p24) in HEK293T. ( B ) Schematics of the pGa gPro-ABE8e, pGa gPro-PEmax-RRE and pGa gPro-PEmax � RH-RRE fused to the C-terminus of GagPro 
packaging constructs. ( C ) Representati v e e xample of on-target and bystander base editing rates in the site 2 locus after deli v ery of ABE8e and sgRNA 

by LVNP3.0-ABE8e and plasmid DNA transfection. For comparison of bystander editing, conditions leading to higher on-target editing with LVNP3.0- 
ABE8e are shown. ( D ) Same as (C) for LVNP3.0-ABE8e in a dose-escalation manner. ( E ) The percentage of bystander editing relati v e to ́ on-target´
conversion rate at position A2 and A8 for LVNP3.0-ABE8e and plasmid DNA transfection. ( F ) The percentage of intended (correct editing) and unwanted 
editing (indels) in the HEK3 locus 3 days after transduction in HEK293T (500 ng p24; 6-well plate). Significant P -values (Mann–Whitney U-test) are 
marked by * P < 0.05, ** P < 0.01, *** P < 0.005. All data is presented as ± SD of triplicates. n.s: non-significant. 

(
w
R
(
k
e

p
t  

f
t  

l
l
d  

t  

o
t
i
t
t
i
n
i
t
a

a
n
r
t
d
i
p
L
a  

p
i
b
s
s
p
a
n
t
w
l
B
b
t
d
e

LVNP2.2). This is consistent with two recent studies, in 

hich the authors showed that balancing the amount of 
NP incorporated in eVLPs (gag-cargo versus gag-pro-pol) 

 28 ) and Cas9-VLPs (gag-cargo versus gagpol) ( 27 ) was a 

ey determinant for viral ma tura tion and genome editing 

fficacy. 
Using the LVNP2.2 configuration for deli v ery of a 

romiscuous sgRNA, we found very high on / off-target ra- 
io e v en at high LVNP doses ( > 10-fold higher than needed
or complete gene knockout) compared to RNP nucleofec- 
ion. We specula te tha t this dif fer ence partially r eflects the
ow abundance of Cas9 / sgRNA RNPs following LVNP de- 
i v ery. In pre vious studies addressing virus-based protein 

eli v ery, we found relati v ely low le v els of transferred pro-
ein and rapid turnover in recipient cells ( 19 , 23 ). More-
v er, another study inv estigating different fusions of GFP 

o retroviral Ga g / Ga gPol reported increased nuclear local- 
zation of GFP protein carrying an added nuclear localiza- 
ion signal ( 57 ). This could potentially suggest that NLS- 
agged RNPs packaged into engineered LVNPs are released 

nto the cytoplasm upon endocytosis and imported into the 
ucleus by intracellular protein trafficking. Also possible 
s that RNPs are ferried through the cytoplasm and into 

he nucleus as part of the viral core, and that the effect of 
dded NLS domains is supporting import of RNPs that 
re being exported from the nucleus. Additional studies are 
eeded to clarify this, but one may speculate that acti v e, di- 
ected transport of viral core proteins, potentially involving 

ransport on microtubules, would explain how low abun- 
ant NLS-tagged RNPs support high le v els of gene edit- 

ng with minimal off-target activities. This notion is sup- 
orted by earlier studies showing high cellular activity of 
VNP-deli v ered DNA-modifying transposases and nucle- 
ses ( 19 , 23 , 28 ). This would argue that specific biological
roperties of the vir al configur ation are crucial for directed 

ntr acellular tr ansport of RNPs and may also potentially 

e involved in targeted deli v ery of cargo at or near tran- 
criptionally acti v e regions of the genome. If this is correct, 
uch properties may help explain how low RNP le v els sup- 
ort potent targeted DNA cleavage with limited off-target 
ctivities. This may also support the notion that ‘more’ is 
ot necessarily better, and tha t a ttempts should be made 
o de v elop deli v ery technologies that do not overload cells 
ith Cas9 / sgRNA complexes, but allow these to accumu- 

ate near desired regions of the genome. Along those lines, 
anskota and co-w ork ers recently demonstra ted tha t AAV- 
ased deli v ery of the genes encoding the base editor and 

he accompanying sgRNA to the mouse li v er resulted in 

etectable off-target editing, which was not detectable for 
VLPs ( 28 ). 
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Based on the assumption that larger fusion proteins in-
terfere with particle production and function due to their
larger size and steric hindrance, we engineered a configura-
tion without integrase and re v erse transcriptase (LVNP3.0).
A single subretinal injection of LVNP3.0 resulted in po-
tent Vegfa knockout (22.2%) in the mouse retina, which
was comparable with the efficacy of eVLP-directed RNP de-
li v ery (20.5%). Subretinal injections are micro-precise pro-
cesses with inherent variability between injections mainly
due to une v en distribution of the injected solution as well
as variation in the amount of backflow to the vitreous
body. This leads to differences in the size of the trans-
duced area, which is consistent with our previous investi-
gations of cellular transduction following subretinal injec-
tion of lentiviral vectors encoding eGFP ( 58 ). The present
study is the first to demonstrate in vivo genome editing fol-
lowing subretinal deli v ery of HIV1-deri v ed LVNPs loaded
with SpCas9 / sgRNA RNPs in the absence of a vector
genome. Recently, nonviral deli v ery based on lipid nanopar-
ticles (LNP) co-formulated with Cas9 mRNA and sgRNA
has been adapted for effecti v e in vivo gene knockout in
e.g. mouse li v er ( 59 , 60 ) and muscle ( 61 ). Although LNP-
mediated deli v ery of mRNA is relati v ely short-li v ed, each
mRNA copy will generate functional RNPs until degrada-
tion of the mRNA ( 62 ). Deli v ery of pre-assembled RNPs
offers an e v en shorter window of action which may po-
tentially reduce risk of genotoxicity. Furthermore, inser-
tional mutagenesis remains a significant concern for lentivi-
ral and AAV-mediated deli v ery as recently demonstrated
by the de v elopment of AAV-induced hepatocellular carci-
noma in newborn mice ( 63 ) and non-malignant neoplasms
in long-term AAV dog studies ( 64 ). 

A configuration like LVNP3.0 was recently published
by Hamilton et al. ( 27 ) for concurrent deli v ery of Cas9-
RNPs and a transgene to produce chimeric antigen re-
ceptor (CAR) primary human T cells (CAR-T). In con-
trast to LVNPs, Cas9-VLPs are produced by titration of
integrase-competent Ga g / Ga gPol to allow the transgene
to be integrated into the host genome after re v erse tran-
scription. Whereas LVNP3.0 is engineered to circumvent
the risk of insertional mutagenesis, this feature may be re-
constituted by including normal Gag and GagPol in the
particles. This gi v es the LVNP modality e xtensi v e fle xibil-
ity, as demonstrated by tailoring the deli v ery platf orm f or
administration of Cas9 / sgRNA and BE / sgRNA as well as
PEmax / epegRNA RNPs. If r equir ed for a certain applica-
tion, vector RNA encoding for example a reporter gene can
be deli v ered along with editing toolkits. 

To the best of our knowledge, our study is the first
to incorporate ‘all-in-one’ PE / epegRNA RNPs into engi-
neered particles for potent deli v ery. As proof-of-concept,
w e show ed LVNP-directed prime editing in the HEK3 locus
resulting in gene editing without indel formation using epe-
gRNAs ( 56 ). We found no significant difference in the per-
formance between PEmax and a truncated variant of PE-
max without the RNaseH domain, potentially suggesting
that the LVNP3.0 ar chitectur e can incorporate e v en larger
fusion proteins. Alternati v e vir al str ategies, like dual-AAV
systems based on split-intein fusion of the N- and C-
terminal domain, have been employed to deliver PE in vitro
and in vivo ( 52 , 65–67 ). Howe v er, dual-AAV systems r equir e
co-transduction of recipient cells, trans-splicing of the two
intein fragments, and complex formation with (e)pegRNA
before gene editing may occur. Our da ta demonstra te in-
corporation and transfer of PE / epegRNA RNP complexes
in LVNP3.0, leading to gene editing in recipient cells. De-
spite removal of the re v erse transcriptase and integrase, the
LVNP3.0 ar chitectur e is amenab le to conv entional LV pseu-
dotyping allowing specific cell types to be targeted. The
LVNP modality evades the packaging limit by incorpora-
tion of RNP complexes, abrogates the risk of insertional
mutagenesis, maintains the optional inclusion of a vector
genome, and allows surface engineering for cell type-specific
gene editing. Collecti v ely, our results estab lish LVNPs as a
modular platf orm f or in vivo RNP deli v ery of gene editing
agents. 
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