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Abstract

Extracellular vesicles (EVs) have shown promise as biological delivery vehicles, but
therapeutic applications require efficient cargo loading. Here, we developed new
methods for CRISPR/Cas9 loading into EVs through reversible heterodimerization
of Cas9-fusions with EV sorting partners. Cas9-loaded EVs were collected from engi-
neered Expi293F cells using standard methodology, characterized using nanoparticle
tracking analysis, western blotting, and transmission electron microscopy and anal-
ysed for CRISPR/Cas9-mediated functional gene editing in a Cre-reporter cellular
assay. Light-induced dimerization using Cryptochrome 2 combined with CD9 or a
Myristoylation-Palmitoylation-Palmitoylation lipid modification resulted in efficient
loading with approximately 25 Cas9 molecules per EV and high functional delivery
with 51% gene editing of the Cre reporter cassette in HEK293 and 25% in HepG2 cells,
respectively. This approach was also effective for targeting knock-down of the ther-
apeutically relevant PCSK9 gene with 6% indel efficiency in HEK293. Cas9 transfer
was detergent-sensitive and associated with the EV fractions after size exclusion chro-
matography, indicative of EV-mediated transfer. Considering the advantages of EVs
over other delivery vectors we envision that this study will prove useful for a range of
therapeutic applications, including CRISPR/Cas9 mediated genome editing.
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1 | INTRODUCTION

Clustered regularly interspaced short palindromic repeats (CRISPR)-associated-endonuclease-9 (Cas9) allows for precise gene
editing and holds great promise for therapeutic treatment of genetic disorders. One of the main challenges for the therapeutic
application of CRISPR/Cas9 is the safe, efficacious and targeted delivery of Cas9 protein and its associated machinery to diseased
cells (Martinez-Lage et al., 2018). In particular, the large size of Streptococcus pyogenes Cas9 (4113 nucleotides/ 1371 amino acids)
poses a significant challenge as this exceeds the passenger capacity of regular AAV viral vectors for DNA-based delivery of
Cas9, and it remains challenging to encapsulate such a large protein in nanoparticles (Rehman et al., 2016). Research efforts into
CRISPR/Cas9 therapeutic delivery using viral and lipid nanoparticle-based delivery vehicles are rapidly expanding, but there is
a clear need for the development of safe and more efficient delivery approaches (Luther et al., 2018).

Extracellular vesicles (EVs), including exosomes and microvesicles among other subtypes, are nanometre sized particles
released by virtually every cell type and are involved in the transfer of functionally active proteins, lipids, and nucleic acids
between cells (Yafiez-Mo et al., 2015). EVs play important roles in many physiological and pathological processes related to can-
cer (Steinbichler etal., 2017), cardiovascular (Osteikoetxea et al., 2016), and neurodegenerative diseases (Soria et al., 2017). Several
groups have started to explore the use of EV's for the delivery of various therapeutic cargoes including drugs (Jang et al., 2013; Saari
et al,, 2015; Schindler et al., 2019), nucleic acids (Kamerkar et al., 2017) and proteins (Fuhrmann et al., 2015; Wang et al., 2018).
Therapeutic cargo can be loaded into the EVs by passive loading into the particle during co-incubation of the purified vesicles
with drug, or by applying transient physical disruption of the lipid bilayer using techniques such as electroporation, freeze-thaw,
sonication, extrusion, to allow the cargo to redistribute into the particles (Liu & Su, 2019). Alternatively, producer cells can be
genetically engineered to release EVs which already carry the therapeutic cargo. This approach eliminates all the manipulation
steps required to load cargo after EV isolation, and could facilitate large scale production for therapeutic application. Without
modifications for active sorting into EV's the size of the cargo to be loaded into EV's is typically limited to smaller proteins and
short stretches of RNA. Loading of multiple copies of large protein cargoes into EVs remains challenging (Fuhrmann et al., 2015;
Liu & Su, 2019).

To overcome the challenge of loading large proteins into EVs we explored various protein heterodimerization techniques
as a way of reversibly securing the cargo into EVs. One of the partners of the heterodimer was fused to Cas9 as cargo. The
other partner was fused to a protein that accumulates in EV's (e.g., one of the tetraspanins that are highly abundant in EVs), or
modified with a fatty acid moiety, both of which are referred to as the EV-sorting motif. This results in membrane localization
and preferential incorporation of these modified proteins into EVs (Fang et al., 2007; Lai et al., 2015). Having control over protein
heterodimerization allows the EV loading system to switch between active loading during EV production (ON conditions to drive
heterodimerization), and release of the cargo in the recipient cell to allow the Cas9 cargo to freely traffic to the nucleus, which
is the site of action of the gene editing event (OFF condition to stop heterodimerization). The dimerization systems explored
in this work are summarized in Table 1. These comprise three light-inducible systems and a small molecule-inducible system.
In addition to the different heterodimerization systems, we also screened several EV-sorting motifs for their ability to drive
accumulation of cargo into the EVs.

One of the most widely used systems for light-inducible protein dimerization is that of Cryptochrome 2 (CRY2) and its inter-
acting protein Cryptochrome-interacting basic helix-loop-helix 1 (CIBI) or CIBI truncated version (CIBN) (Kennedy et al., 2010).
CIBN and CRY2 require exposure to blue light (450-488 nm) for dimerization in the presence of flavin adenine dinucleotide
(FAD) chromophore as a photo-absorbing chromophore (Lin & Todo, 2005). Interestingly, the CIBN-CRY2 system has been
successfully used for loading of Cre recombinase (Cre) and the NF-xB pathway suppressor srIxB into EVs (Choi et al., 2020; Yim
etal., 2016).

TABLE 1 Summary of protein dimerization systems used in this study for Cas9 EV loading

Dimerization
Partner System Size trigger References
A Cryptochrome 2 (CRY2) 57 kDa 450-488 nm light (Choi et al., 2020; Kennedy et al., 2010;
B Cryptochrome-interacting basic helix-loop-helix 1 (CIBN) 19 kDa Lin & Todo, 2005; Yim et al., 2016)
A Truncated Phytochrome B (PHYB) 49 kDa 650 nm light (Levskaya et al., 2009; Miiller et al., 2013;
B Phytochrome-interacting factor 6 (PIF6) 41 kDa Uda et al., 2017)
A Vivid-based Magnet positively-charged (pMags) 17 kDa 470 nm light (Kawano et al., 2015)
B Vivid-based Magnet negatively-charged (nMags) 17 kDa
A FK506-binding protein (FKBP) 12 kDa Rapalog ligand (Heath et al., 2019; Putyrski & Schultz,
B FKBP-rapamycin-binding domain (FRB) 12 kDa 2012)

Different binding partners of each dimerization system were fused to either Cas9 or to a range of EV-sorting motifs to allow for Cas9 loading into EVs.
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Phytochrome B (PHYB) and its interacting protein Phytochrome-interacting factor 6 (PIF6) requires light (630 nm) and the
presence of phycocyanobilin (PCB) for heterodimerization. One drawback of this approach is that the photoabsorbing chro-
mophore PCB is not present in mammals and needs to be added exogenously for the system to be functional (Levskaya et al.,
2009). Alternatively, the biosynthetic pathway can be introduced in the mammalian cells by introduction of the bacterial genes
involved in synthesis of PCB from heme (Miiller et al., 2013), which was the approach applied in this study.

Vivid-based magnet heterodimerization is based on charge-matched engineered versions of Vivid (VVD) proteins in which
one heterodimer partner is engineered to display positive charges at its surface and the other carries negative charges, favouring
heterodimerization over the homodimer, which is the normal oligomer for VVD when exposed to blue light (470 nm) (Kawano
et al., 2015).

Lastly, we explored a small molecule-induced dimerization system that we have shown previously to be suitable for Cre recom-
binase loading into EVs (Heath et al., 2019). This system consists of FK506-binding protein (FKBP) and its interacting protein
FKBP-rapamycin-binding domain (FRB). The two protein domains heterodimerize in the presence of a rapalog dimerizing lig-
and (Heath et al,, 2019; Putyrski & Schultz, 2012).

Here, we developed and compared the efficiency of the above protein heterodimerization systems for loading of a large protein
cargo, Cas9, into EVs and assessed Cas9 transfer to target cells.

To test for efficient functional delivery of Cas9 we repurposed an existing a Cre-Lox fluorescent reporter by designing a CRISPR
single guide RNA (sgRNA) targeting both LoxP sites. This enabled us to determine the percentage of cells where Cas9 was
functionally delivered by their change in fluorescence. In the absence of editing the reporter cells show green fluorescent protein
(GFP) expression, whereas following successful editing they switch colour due to red fluorescent protein (RFP) expression.

This modified Cre-Lox reporter enabled us to determine the functionality of the Cas9 fusion proteins, as well as the efficacy
for EV delivery of Cas9 with the different heterodimerization systems and EV sorting motifs. The response of the reporter cells to
Cas9 loaded EVs was measured in two ways: following treatment with isolated EV's, and in a transwell model where the reporter
cells were separated from the Cas9 EV secreting cells by a 0.4 ym membrane.

After comparing Cas9 delivery to reporter cells by EVs loaded using different strategies we next proceeded with the most effi-
cient combination to test whether a therapeutically relevant gene could be edited with EVs choosing the Proprotein convertase
subtilisin/kexin type 9 (PCSK9) gene as a target. PCSK9 regulates the life cycle of low-density lipoprotein (LDL) receptor, binding
to its extracellular domain and targeting it for endosomal degradation. Ultimately, this leads to a decrease in the levels of circulat-
ing LDL cholesterol with extensive evidence that PCSK9 knockout/down-regulation reduces circulating LDL cholesterol levels,
resulting in lower risk of atherosclerotic cardiovascular disease (Gennemark et al., 2021; Musunuru et al., 2021; Rothgangl et al.,
2021; Wang et al,, 2021). Gene editing of PCSK9 was measured using Tracking of Indels by DEcomposition (TIDE) (Brinkman
et al,, 2014) and amplicon next-generation sequencing.

2 | MATERIALS AND METHODS
2.1 | Cell culture

Human embryonic kidney Expi293F (Thermo Fisher Scientific) cells were cultured in a shaking incubator with Expi293 media
(Thermo Fisher Scientific) at 37°C in 8% CO, with 125 rpm. HEK293-loxP-GFP-RFP (puromycin) Cre reporter cells (Amsbio),
referred to as reporter cells throughout the text, were cultured in high glucose DMEM, supplemented with 1% GlutaMAX, 10%
FCS (all Gibco), and 5 pg/ml Puromycin (Sigma Aldrich) at 37°Cin 5% CO,. Hek293T (ECACC Cat# 12022001, Lot: 18K217) and
HepG2 (ECACC CCat# 85011430, Lot: 19B009) cells were cultured in high glucose DMEM, supplemented with 1% GlutaMAX,
10% FCS (all Gibco).

2.2 | Cell transfection

Transfection of Expi293F for Cas9 EV production: 40 kDa PEI max (Polysciences) transfection reagent was prepared at 1 mg/ml,
sterile filtered (0.2 um) and stored at -20°C. 24 h after seeding Expi293F cells at 2 X 10° cells/ml, PEI max-DNA complexes were
prepared at a ratio of 25 g DNA with 100 ul PEI Max and incubated at room temperature for 15 min before addition to 25 ml
of cells. In conditions where Cas9 and the EV recruiting protein without sgRNA were co-transfected the plasmid DNA ratio
was 1:1. In conditions where Cas9, the EV recruiting protein, and sgRNA were co-transfected the plasmid DNA ratio was 2:2:1,
respectively. 24 h after transfection, cells were pelleted by centrifugation at 300 X g for 10 min to wash away residual PEI-max-
DNA complexes. The cell pellet was washed again in PBS and re-suspended in 50 ml of fresh media. Cells conditioned the media
for 48 h before EV's were harvested. For rapalog induced loading of EVs, transfected cells were incubated with AP21967 (Takara
A/C heterodimerizer) during the 48 h of EV media conditioning period. For light induced loading of EV’s, transfected cells were
placed under a blue or red LED light during the 48 h of EV media conditioning period.
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For plasmid control conditions and LoxP sgRNA expression in reporter cells FUGENE HD (Promega) was used according to
manufacturer instructions. For 5000 reporter cells per well seeded in 384-well plates (Greiner Bio-One), 1.75 ul OptiMEM Media
with 0.035 ug DNA and 0.12 ul of FuGENE HD for each well were first mixed and incubated at room temperature for 15 min and
added to cells 16 h before starting experiments with EV treatments.

2.3 | DNA constructs design

In order to use reporter cells for Cas9 detection a LoxP sgRNA was designed with the following sequence, ATTATACGAAGT-
TATCACCA, and cloned in a sgRNA expression plasmid under human U6 promoter. For gene editing of PCSK9 a sgRNA
was designed with the following sequence, TCATCCGCCCGGTACCGTGG, and cloned in a sgRNA expression plasmid under
human U6 promoter.

Constructs for Cas9 and EV sorting protein expression were generated by restriction enzyme, site directed mutagenesis, or
Gibson assembly cloning of the relevant DNA sequences into mammalian expression plasmid under CMV promoter. All amino
acid sequences of the protein domains used are shown in Table S2. Throughout the manuscript all fusion proteins names are given
accounting for their architecture such that Cas9CRY2 represents N terminus-Cas9-CRY2-C-terminus and CIBN-CD9 represents
N-terminus-CIBN-CD9-C-terminus. Fusion protein schematics are available in Figure S1. Notably, Cas9 fusion proteins contain
an N-Terminal SV40 nuclear localization signal (NLS) with amino acid sequence PKKKRKYV and protein dimerization domains
were fused to the C-terminus.

2.4 | EV collection

For each cargo loading condition 45 ml of cell conditioned media was processed with an ultracentrifugation protocol adapted
from (Osteikoetxea et al., 2015). Cell viability at time of EV isolation was 95.4%=+2.1% (mean + SD). Cell-conditioned media
was first centrifuged at 300 X g for 10 min to pellet cells and then at 2500 X g for 15 min to pellet dead cells and larger EVs.
Remaining supernatant was transferred to 38 ml polyallomer centrifuge tubes (Beckman Coulter) and centrifuged in an Optima
L-90K ultracentrifuge (Beckman Coulter) using a SW32 Ti rotor (k-Factor 204), at 16,000 X g for 30 min to deplete for remaining
large and intermediate size EV's. Then a 100,000 X g spin for 70 min was used to pellet EVs for this study. The supernatant was
discarded and pellets were collected in 1.5 ml PBS and re-pelleted at 100,000 X g using a SW32 Ti rotor. The resulting pellet was
re-suspended in a final volume of 200 ul of PBS followed by aliquoting for downstream experiments and storage at -80°C until
use. For control experiments with additional purification by size exclusion chromatography (SEC), 150ul of the final EV isolates
were applied to qEVsingle / 70 nm columns (IZON Cat# SP2) and manufacturer’s instructions were followed to separate an initial
1 ml void fraction, and subsequently collect 10 consecutive 0.5 ml fractions.

2.5 | Transmission electron microscopy

EV samples were fixed for 30 min in paraformaldehyde 2% (Sigma-Aldrich) in PBS, and incubated for 15 min, at 4°C, on top of
carbon-coated 100-mesh copper grids, previously glow discharged at 7.2 V for 60 s, using a Bal-Tec MED 020 Coating System.
Grids were washed in PBS, fixed in glutaraldehyde 1% (Sigma-Aldrich) for 5 min at 4°C, washed again and blotted dry with filter
paper. EVs on the grids were then negatively stained with aqueous uranyl acetate 2% (Sigma- Aldrich) for 2 min, followed by wash-
ing, drying and analysis using a FEI Tecnai G2 Spirit transmission electron microscope (ThermoFisher Scientific), equipped with
a Morada digital camera (Olympus Soft Image Solutions GmbH). All the procedures were performed at the Electron Microscopy
facility of the University of Valencia.

2.6 | Western blotting

EV and cell samples were measured by NanoDrop spectrophotometer (Thermo Fisher Scientific) to determine protein content.
Cell lysates and EV samples were each mixed with 4x LDS sample buffer (NuPAGE Thermo Fisher) plus 10 % §-mercaptoethanol
for reducing conditions (Sigma Aldrich), and heated at 70°C for 10 min. For non-reducing conditions, samples were mixed with
4x LDS sample buffer (NuPAGE Thermo Fisher) and heated at 70°C for 15 min.

For each sample equal protein amounts (6 ug) were resolved on 4-12% gradient Bis/Tris polyacrylamide gels (Life Technolo-
gies). Chameleon Duo Pre-stained Protein Ladder (LI-COR, Lincoln, NE) protein standards were used. Proteins were trans-
ferred using Trans-Blot Turbo Mini or Midi polyvinylidene fluoride transfer packs (Bio-Rad Laboratories, Hercules, CA, USA).
Subsequently the membranes were blocked using Odyssey TBS Blocking Bufter (LI-COR) for 1 h at room temperature. Next,
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membranes were incubated with primary antibodies over-night with agitation at 4°C in Odyssey TBS Blocking Buffer (LI-COR).
After three washes with 0.1% TBS-Tween (TBS-T), the secondary antibodies were added to membranes for 1 h at room tempera-
ture with agitation. After three washes for 5 min in TBS-T the membranes were visualized using the Odyssey CLx imaging system
(LI-COR) and data was analysed with Image Studio v.4.0 software. See Table S1 for detailed information on antibodies.

2.7 | EV size distribution and concentration measurement

EV size distribution and concentration were determined using Nanoparticle Tracking Analysis with a NS300 instrument
(Malvern) with a blue 405 nm laser and sSCMOS camera. All samples were measured with constant equipment settings for five
repeats of 60 s each acquired under flow with a syringe pump speed of 30 using camera level 15, screen gain 2, and detection
threshold of 7. Data were collected and analysed with software version NTA 3.2 Dev Build 3.2.16.

2.8 | EV treatments

5000 reporter cells were plated per well in a 384 well plate (Greiner Bio-One). EVs were added at 5.5 X 10* EVs/reporter cell and
incubated for 24 h. After 24 h media was changed for fresh media without EV's and plates were analysed for gene editing at 72 h
after EV addition.

2.9 | Transwell assays

Cas9 cargo transfer by EV was tested in 0.4 um membrane transwell co-culture setups. 96,000 reporter cells were seeded per well
in a 24 well plate (Greiner Bio-One). For plasmid control conditions and LoxP sgRNA expression in reporter cells FiGENE HD
(Promega) was used to transfect the necessary plasmids as described above in the Cell Transfection section. For Cas9CRY2 EV
secreting conditions 40 kDa PEI max (Polysciences) was used to transfect Expi293F cells with the necessary plasmids as described
above in the Cell Transfection section. Thincert (Greiner Bio-One) transparent PET cell culture inserts for 24 well plates with a
pore diameter of 0.4 um were placed into each well and 96,000 cells secreting Cas9CRY2 EV from various experimental condition
were seeded onto the inserts.

2.10 | Cell fluorescence measurements

Plates were imaged on an IncuCyte S3 every 2 h and the 72 h time point after EV addition was chosen for analysis. Images were
captured using a 20X objective and image analysis was performed with the IncuCyte S3 software S3 2019. Given the long half-life
of GFP it could still be detected in cells at the point of analysis even in cells where Cas9 cleavage occurred. Thus, a mask was
created to identify all cells based on GFP positivity meanwhile another mask was created for RFP positive cells indicative of
Cas9 mediated cleavage at both LoxP sites. Percentage of RFP-positive cells was defined as the mask area of RFP positive cells
divided by the mask area of all cells based on GFP positivity and multiplied by 100. In addition to IncuCyte measurements, cell
fluorescence was also assessed CytoFLEX S N2-V3-B5-R3 Flow Cytometer (Beckman Coulter Cat# B78557). In this case cells
were also assessed at the 72 h time point after EV addition and percentage positivity of GFP and RFP or tdTomato was measured
collecting at least 10,000 events in the cell gate per measurement with a medium flow rate.

2.11 | DNA preparation and next-generation amplicon sequencing

Treated HEK 293T cells were washed with PBS and lysed in 100 ul QuickExtract DNA extraction solution (Lucigen). For DNA
extraction, samples were then vortex, heated at 65°C for 6 min, vortexed again and heat-inactivated at 98°C for 2 min. A
two-step PCR protocol was then performed to generate ready-to-sequence PCSK9 amplicons. PCSK9 amplicons were gener-
ated in the first-step PCR (25 ul reaction) using KAPA HiFi HotStart ReadyMix (Roche), 300 nM of PCSK9-specific primers
with adapter extensions (Forward: 5'-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAGTTGCCCCATGTCGACTAC-
3’; Reverse: 5'-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCCGAGAAGTGGAAACCACCA-3'; Sigma-Aldrich)
and 11 ul of the extracted DNA, incubated on a C1000 Touch (Bio-Rad, CA) with the following conditions: 95°C for 3 min; five
cycles at 98°Cfor 20 s, 75°C for 15 s, 72°C for 15 s; 30 cycles at 98°C for 20 s, 65°C for 15 s, 72°C for 15 s; 72°C for 2 min. Generated
amplicons were then purified using the HighPrep PCR Clean-up system (MAGBIO). Briefly, PCR reaction was mixed with beads
at 1:1.8 ratio for 10 min for DNA binding, DNA was washed twice with 80% ethanol for 30 s, and eluted in elution buffer (Qiagen).
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Samples were then indexed in the second-step PCR (25 ul reaction) using KAPA HiFi HotStart ReadyMix (Roche), 500 nM
of indexing primers (Forward: 5'-AATGATACGGCGACCACCGAGATCTACACNNNNNNNNTCGTCGGCAGCG*T*C-3;
Reverse: 5'-CAAGCAGAAGACGGCATACGAGATNNNNNNNNGTCTCGTGGGCTC*G*G-3'; IDT) and 0.5 ng of purified
PCSK9 amplicons, incubated on a C1000 Touch (Bio-Rad) as follows: 72°C for 3 min, 98°C for 30 s; 10 cycles at 98°C for 10 s,
63°Cfor 30's,72°C for 3 min; 72°C for 5 min. Indexed amplicons were then purified as above using a PCR reaction-to-beads reac-
tion of 1:1. Amplicon size and concentration, and absence of non-specific products was verified on a by capillary electrophoresis
on a Fragment Analyzer (Agilent) using a standard sensitivity dsSDNA method. Samples were pooled to a concentration of 25 nM.
The concentration was confirmed by measurement with high sensitivity dsSDNA Qubit assay (ThermoFisher Scientific) prior to
further dilution and denaturation of the pool, according to guidelines provided by Illumina. Final loading concentration used
as input to the sequencing was 6 pM. The samples were sequenced on a MiSeq instrument (Illumina) with paired-end 150 bp
read length setting. Samples depth of sequencing was between 0.24 and 0.32 million read pairs. Read pairs were merged using
FLASH (Magoc & Salzberg, 2011) were mapped to the predicted PCSK9 amplicon sequence using bwa (Li & Durbin, 2009). The
generated alignment files were processed to determine the insertion/deletion (indels) of bases at the relevant sgRNA target site,
and percentage of indels relative to the total reads amount was calculated for each sample.

2.12 | Triton X-100 detergent controls

To control that Cas9 is delivered by membrane enclosed EVs and not by other non-lipidic particles, EVs were treated with 0.1%
Triton X-100 for 5 min as described earlier (Osteikoetxea et al., 2015). Next equal nominal amounts of EVs from non-treated or
detergent-lysed condition were administered to reporter cells resulting in 5.5 X 10* EVs/reporter cell. Due to the high dilution
of treated stock EVs the final concentrations of Triton X-100 in cell media were below 0.003% which showed no evidence of cell
death or different morphology compared to Triton X-100 free conditions.

2.13 | RNA isolation and droplet digital PCR analysis

Prior to RNA isolation, EV samples were incubated with RNase A (DNase and protease-free) 2 mg/ml (ThermoFisher Scien-
tific), at 37°C for 15 min, for degradation of extravesicular RNA. RNAse activity was then inhibited with RNase inhibitor 1
U/ul (Applied Biosystems) and EVs lysed with QIAzol (EVs: Qiazol ratio (vol/vol) = 1:3). Cell pellets were washed with PBS
and lysed with QIAzol as per manufacturer’s instructions. EVs and cells RNA was isolated with miRNeasy micro kit, follow-
ing manufacturer’ instructions. Concentration of isolated RNA was measured with Qubit RNA HS assay kit, according to the
manufacturer’s protocol. Equal amounts of RNA (20 ng) for all samples were then reverse transcribed using the first-strand
c¢DNA synthesis kit SuperScript IV VILO with ezDNase enzyme (ThermoFisher Scientific), following manufacturer’s protocol.
Droplet digital PCR reactions were set up with equal amounts of cDNA (200 ng) for all samples, 2 X ddPCR Supermix for Eva-
Green, sgRNA specific primers (Forward: 5'-GGCGACGTAAAGTTTTAGAGCT-3’; Reverse: 5'-CGACTCGGTGCCACTTTT-
3’; Sigma-Aldrich). Droplets were then generated using a Bio-Rad’s QX200 AutoDG instrument using droplet generation oil for
EvaGreen, followed by PCR amplification in a C1000 Touch thermal cycler (BioRad) according to the manufacturer’s instruc-
tions. All samples were analysed in triplicates. Droplet analysis was performed with the QX200 Droplet reader (Bio-Rad) using
ddPCR Droplet Reader Oil (Bio-Rad). Results were analysed using the QuantaSoft software, version 1.7.4.0917 (Bio-Rad) with
the absolute quantification algorithm.

2.14 | Data analysis

Data was handled in Excel and analysed and plotted using GraphPad 8.0. Data was tested for normal distribution and statistical
significance was calculated using one-way ANOVA. Where data was not normally distributed, Kruskal-Wallis test was used
instead. Asterisks show level of statistical significance: * P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. We have also submitted
all relevant data of our experiments to the EV-TRACK knowledgebase (EV-TRACK ID: EV210345).

3 | RESULTS

3.1 | Inducible protein dimerization does not significantly alter EV properties

We first characterized EV size and morphology obtained from the Expi293F cell line to be used for EV production. Transmis-
sion electron microscopy of the EV preparations confirmed the presence of membrane-enclosed vesicles with a cup-like shape
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in isolates from control non-transfected cells compared to those transfected with constructs for inducible protein cargo loading
(Figure 1A). The four inducible protein dimerization loading systems, CIBN-CRY2, PHYB-PIF6, p/nMags, and FKBP-FRB, are
schematically depicted along with dimerization signal in Figure 1B. The size distribution of EVs was measured by nanoparti-
cle tracking analysis and this revealed that expression of heterodimerization proteins caused no significant changes in EV size
(Figure 1C), the number of EV's released per cell, or cell viability (Figure S2). Western blot showed the presence of either mem-
brane and intraluminal proteins characteristic of EVs, such as markers ALIX, TSG-101, flotillin-1, 5-actin, syntenin-1, CD63 and
CD81, which were enriched in non-transfected or engineered EVs compared to the lysates of secreting cells. When loading equal
amounts of proteins, EVs from non-transfected cells or from cells over-expressing heterodimerization proteins contained rela-
tively similar amounts of EV markers (Figure 1D). These results indicate that expression of heterodimerization proteins for EV
loading had no impact upon EV biogenesis.

3.2 | Cas9 loading efficiencies for optogenetic and small molecule approaches

We screened a small library of proteins and lipid modifications to identify the best approach to target the heterodimer into EVs.
We tested seven EV associated proteins or lipid motifs fused to CIBN for their ability to recruit Cas9CRY2 (NLS-Cas9-CRY2)
under blue light into EVs. The EV sorting motifs tested were CD9, Rab5¢, CD81, Myristoylation (Mys), Palmitoylation (Palm),
Myristoylation-Palmitoylation-Palmitoylation (MysPalm), and Prenylation (Prenyl). The protein motifs were introduced as C-
terminal fusions to CIBN connected by a short unstructured glycine serine linker. The lipid modifications were introduced as
a short amino sequence motif added to the N- (Mys, Pam, MysPalm) or C- terminus (Prenyl) of CIBN, and these motifs were
recognized by the cellular machinery for lipid modification resulting in addition of lipid anchor. First, the EV sorting motifs
were screened by Western blotting loading the same protein amount per well, and using the EV protein marker ALIX as a con-
trol for EV loading at similar levels, as shown in Figure S3A. Relative quantification of western blot band intensities revealed
that CD9, CD81, Mys, and MysPalm recruited high levels of Cas9 into EV's (Figure S3B). We selected CD9 and MysPalm as the
most efficient representatives of Cas9 protein loading into EVs by two distinct mechanisms, the enrichment of characteristic
EV proteins during their biogenesis and the improved association of lipidated proteins with biological membranes, respectively.
Next, we explored the ability of CD9 and MysPalm to load Cas9 into EVs using the other inducible dimerization proteins. We
used Western blotting with a standard of recombinant purified Cas9 to quantify the amount of Cas9 protein loaded per EV
(Figure 2A) and shows representative Western blots for each system (Figure 2B). All four approaches tested revealed a detectable
band of Cas9 cargo at the expected position in the EV fraction, albeit there was a dispersed pattern for PIF6/PHYB sugges-
tive of instability of the fusions leading to some degradation. The Western blot results clearly show that among the EV sort-
ing motifs and Cas9 constructs assessed CRY2-CIBN proved superior to other dimerization systems for loading of Cas9 into
EVs. Using densitometry analysis, we estimated the number of Cas9 molecules present per EV (Figure 2C). This quantification
revealed that the CIBN-CRY2 system contained the highest amount of Cas9 per EV reaching more than 20 molecules per EV
(Figure 2C).

3.3 | Cas9 fusion proteins remain functionally active

Having established that Cas9 can be loaded into EVs through inducible protein dimerization, we next assessed whether the
protein engineering impacted Cas9 functionality. We used a Cre fluorescent reporter system to measure gene editing by Cas9.
We adapted a commercially available HEK293-loxP-GFP-STOP-loxP-RFP Cre reporter cell line (AMSbio, described in Heath
et al.,, 2019) by designing a sgRNA capable of targeting the LoxP sites. This design allows for Cas9 mediated cleavage at both
LoxP sites resulting in GFP-STOP excising after repair by the cells’ machinery for DNA double-strand break repair, primar-
ily through the non-homologous end joining (NHE]) pathway (Chang et al., 2017) (Figure 3A). Untreated cells express GFP
and display green fluorescence. LoxP targeted gene editing will result in removal of the GFP-STOP cassette, and cells will start
to express RFP resulting in red fluorescence. Using this system, we evaluated Cas9 mediated gene editing in vitro by trans-
fecting the reporter cells with pcDNA3.14+ plasmids encoding each of the Cas9 fusion constructs and WT Cas9 as a com-
parator. We quantified the extent of gene editing by imaging the red fluorescence with an IncuCyte S3 as shown in repre-
sentative images (expressed as percentage of RFP positive cells, Figure 3B). Expression of WT Cas9 together with transcrip-
tion of the LoxP sgRNA encoded on the same plasmid resulted in a significant percentage of red cells in the reporter cells.
All four fusion proteins were active although the editing efficiency was 30-50% of that of WT Cas9 (Figure 3C). Having con-
firmed that the Cas9 fusion protein remains functionally active, we proceeded with functional delivery analysis of Cas9-loaded
EVs.
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FIGURE 1 EV characterization. (A) Transmission Electron Microscopy reveals the presence of vesicles with the typical size and lipid-enclosed
morphology observed in EV preparations (insert scale bar 100 nm, whole field scale bar 400 nm). (B) Schematic diagram of the four inducible dimerization
systems used in this study. (C) EV size distribution determined by nanoparticle tracking analysis reveals no significant differences in diameters of EV secreted
by wild-type cells and by cells engineered to express each of the inducible dimerization systems with the MysPalm EV sorting motif and Cas9 cargo (n = 4 per
condition). (D) Western blot shows that EV isolates from non-transfected conditions, or from each of the inducible dimerization systems with the MysPalm EV
sorting motif and Cas9 cargo, are enriched compared to their secreting cells in proteins commonly found in EVs, such as Alix, TSG-101, Flotilin-1, S-actin,
syntenin-1 and the most accepted EV markers CD63 and CD81 (6 ug total protein loaded per sample)
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FIGURE 2 Cas9 loading into EVs. (A) Cas9 quantification using calibration curve of wild type (WT) recombinant Cas9 protein alongside tested EV
isolates (n = 4 per condition, representative blot for CIBN-CRY2 loading shown). (B) Comparison of Cas9 loading by the different heterodimerization systems
using CD9 or MysPalm for recruitment into EV, compared to the control condition without heterodimerization partner (n = 4, representative blot shown), (C)
Cas9 molecules/EV calculated from quantitative blots as shown in C and NTA particle quantification for each isolate (Mean + SD, n = 4 per condition,
statistical significance determined with Kruskal-Wallis test)

3.4 | Functional delivery of Cas9 by EVs

We next investigated whether EVs loaded with Cas9 were capable of delivering functional cargo in vitro to reporter cells. EVs
were isolated from cells transfected to express Cas9-loading constructs alone (apo-Cas9) or co-transfected also with a plasmid
encoding LoxP sgRNA, which resulted in co-recruitment of the sgRNA as passenger in complex with Cas9 into EVs. Transmis-
sion electron microscopy confirmed the presence of EVs in all conditions (Figure S4A) and droplet digital PCR (ddPCR) was
used to quantify the amount of sgRNA molecules present in the isolated EV's (Figure S4B). Results showed the number of sgRNA
molecules loaded per ng of RNA in EVs increased in the conditions of active loading where dimerization of CRY2 with CIBN
fused with CD9 or MysPalm drive Cas9 loading compared to control passive loading conditions of Cas9CRY2 without dimer-
ization with EV sorting motifs. In contrast to the increased levels of sgRNA in EVs in actively loaded conditions, cellular sgRNA
levels decreased in CD9 or MysPalm actively loaded conditions compared to the passive loading condition suggesting that the
cellular sgRNA is recruited and secreted by EVs.

Functional delivery of EVsloaded with Cas9 alone was tested in reporter cells that were transfected with the plasmid encoding
LoxP sgRNA prior to addition of EVs (Figure 4A). EVs loaded with Cas9 and LoxP sgRNA were tested directly in the non-
transfected (NT) reporter cells (Figure 4B). For all conditions tested, EVs were administered to reporter cells for 24 h at a



10 of 17 .9 I SEV OSTEIKOETXEA ET AL.

A
Fr= F
[cwv [ GEP TR ED

Caﬂ@ LoxP sgRNA

[cw >){GEr I REEID

Relative editing efficiency

o

=]

=)
L

& AN

FIGURE 3 Impact of fusion proteins on Cas9 functionality. (A) Schematic of Cre-Lox reporter cassette adapted for Cas9 cleavage detection with a
sgRNA design targeting both LoxP sites. Cas9 is targeted by LoxP sgRNA to cleave DNA at both LoxP sites resulting in excision of GFP-STOP cassette and
expression of RFP. (B) Visualization of gene editing in HEK293-loxP-GFP-STOP-loxP-RFP cells after transfection with plasmids encoding the indicated Cas9
fusion proteins, with appearance of RFP upon successful editing of loxP-GFP (n = 5 per condition, representative images). (C) Relative gene editing efficiency
of Cas9 fusion proteins compared to Wild Type (WT) Cas9 and Non-Transfected (NT) Cells (Mean + SD, n = 5 per condition, statistical significance
determined with one-way ANOVA)

concentration corresponding to 5.5 X 10 EVs/reporter cell followed by a media change and final fluorescent imaging at
72 h after EV addition. Gene editing of reporter cells treated with Cas9 EVs loaded with control condition without het-
erodimerization, CD9, or MysPalm was compared to non-EV-treated reporter cells for which the percentage of RFP posi-
tive cells was set to 0%. The plasmid control was the percentage of RFP positive cells for reporter cells transfected with WT
Cas9 and LoxP sgRNA encoding plasmids. Efficient gene editing for apo-Cas9 delivery was detected in the LoxP sgRNA
expressing reporter cells treated with Cas9CRY2 EVs loaded through MysPalm reaching 51% editing (Figure 4A). Inter-
estingly, we observed significant gene editing for delivery of Cas9-sgRNA complex using EVs at around 42% (Figure 4B).
Intriguingly, the same CRY2-CIBN loading approach coupled to CD9 as the EV-sorting partner did not lead to any signifi-
cant gene editing (Figures 4A and B). In addition, the other optogenetic and ligand induced heterodimerization approaches
used for EV loading (all with lower loading levels of Cas9) did not deliver any statistically significant levels of gene editing
(Figure S5).

To further test the EV mediated transfer of functional Cas9 to recipient cells we performed experiments in a transwell co-
culture setting in which the EV expressing cells and reporter cells are separated by a 0.4 um membrane. In the transwell co-culture
setting we, demonstrated similar levels of gene editing activity to that seen with EV isolates, 28% and 31% in absence or presence of
sgRNA in EVs (Figure 5A). We also decided to investigate if another cell type could be edited and chose HepG2 cells transfected to
express a different loxP-tdTomato-STOP-loxP-GFP Cre reporter construct depicted in Figure S6. For this experiment we decided
to test the most efficient combination of Cas9CRY2 EVs loaded through MysPalm co-loaded with or without LoxP sgRNA dosing
5.5 X 10* EVs/cell followed by a media change and further 72 h incubation and flow cytometric analysis. Here, Cas9 loaded EV's
as well as Cas9 and LoxP sgRNA loaded EVs resulted in 25.4% and 19.2% gene editing, respectively, in HepG2 cells (Figure 5B).

So far, assessing Cas9 delivery to fluorescent reporter cells allowed for easily and rapidly testing all the multiple condi-
tions for Cas9 EV loading investigated. Despite these advantages, we decided to also investigate whether a therapeutically
relevant gene could be edited and chose PCSK9 as a target due to extensive research on this gene as a potential candi-
date for circulating cholesterol level reduction. For this we decided to test the most efficient combination of Cas9CRY2 EVs
loaded through MysPalm co-loaded with or without PCSK9 sgRNA (Figure 6). After addition of EVs to Hek293T cells for
24 h at a concentration corresponding to 5.5 X 10* EVs/cell followed by a media change and further 72 h incubation, the
cells were harvest for genomic DNA isolation and samples were sent for next-generation and sanger sequencing. Analysis of
next-generation sequences revealed that Cas9 loaded EVs as well as Cas9 and PCSK9 sgRNA loaded EVs resulted in 5.8%
and 4.4% gene editing, respectively (Figure 6). Gene editing was also detected using the TIDE analysis of Sanger sequences
(Figure S7).

To confirm Cas9 delivery occurred through transfer by lipid membrane enclosed EVs we performed similar experiments
as detailed in Figure 4, but first EV isolates were pretreated for 5 min with 0.1% Triton X-100, to disrupt all vesicular struc-
tures as described previously (Osteikoetxea et al., 2015; Théry et al., 2018). If Cas9 transfer was occurring independently of EVs,
potentially through contaminating soluble Cas9 (protein, mRNA, or DNA), then treatment with low concentration of deter-
gent would disrupt the EV dependent transfer but still allow for transfer of the non-vesicular components. Indeed, our find-
ings showed that upon Triton X-100 pretreatment our EV isolates lost the ability to transfer Cas9 to target cells, as detected by
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FIGURE 4 Invitro Cas9 delivery by EVs. (A) Cas9 was delivered by EVs loaded with and complemented by sgRNA from plasmid transfection of
reporter cells. Gene editing occurs in transfected cells with the wild type Cas9 and sgRNA and with Cas9CRY2 EVs loaded through MysPalm achieving 50.7%
while CD9 loaded, or control passively loaded EVs without CIBN resulted in 4.4-6.3% gene editing. (Mean =+ SD, n = 4, statistical significance determined with
Kruskal-Wallis test). (B) Cas9 and LoxP sgRNA was delivered by EVs. Gene editing occurs in transfected cells with the wild type Cas9 and sgRNA and with
Cas9CRY2 and LoxP sgRNA EVs loaded through MysPalm achieving 41.6% while while CD9 loaded, or control passively loaded EV's without CIBN resulted in
no gene editing (Mean + SD, 1 = 4, statistical significance determined with Kruskal-Wallis test). Cells were stimulated with an equal amount of EVs (5.5 x 10*
EVs/cell)

the absence of red fluorescence (Figure S8). Additionally, we further purified Cas9 EVs loaded with MysPalm and Cas9CRY2
using SEC and tested the gene editing activity of each recovered fraction. Similarly, to the Triton X-100 control, we expected
that any gene editing activity due to transfer of contaminating soluble Cas9 (protein, mRNA, DNA) would be observed in
the non-vesicular fractions recovered by SEC purification due to the significant differences in size and biophysical parame-
ters of EVs compared to these contaminants. Here we also observed that gene editing activity was retained in EV fractions
(Figure S9).
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FIGURE 5 Cas9 transfer by EVs is also observed in transwell co-cultures or other cell backgrounds. (A) Co-cultures separated by 0.4 um transwells
show statistically significant gene editing with cells secreting Cas9CRY2 loaded EV's with or without LoxP sgRNA through MysPalm achieving 28.2% and
30.6%, respectively, while cells secreting Cas9CRY2 loaded EV's with all other conditions resulted in 8.6-12.8% gene editing (Mean + SD, n = 4, statistical
significance determined with Kruskal-Wallis test). (B) Cas9 or Cas9 and LoxP sgRNA was delivered by EVs to HepG2 cells transfected to express a
loxP-tdTomato-STOP-loxP-GFP Cre reporter construct. Gene editing efficiency was determined by flow cytometry to be 25.4% for with Cas9CRY2 EVs loaded
through MysPalm while EVs loaded with both Cas9Cry2 and LoxP sgRNA resulted in 19.2% gene editing (Mean =+ SD, n = 4, statistical significance
determined with one-way ANOVA)

4 | DISCUSSION

Therapeutic genome editing, including editing with CRISPR/Cas9, represent one of the fastest-growing class of FDA-approved
biologics and genetic medicines and are beginning to make their way to patients (You et al., 2019). The potential of CRISPR/Cas9
therapeutics is undermined by the lack of effective and safe methods for delivery of the CRISPR/Cas9 machinery to diseased
cells. Currently, EVs show promise as a vehicle for safe and efficient delivery of CRISPR/Cas9-based protein systems such as
those required for genome, epigenome, base, or primer editing (Adli, 2018; Anzalone et al., 2019). Here we characterize four
different systems to load Cas9 into EVs by inducible protein heterodimerization. We observed no significant difference in EV
morphology, size, concentration, and protein markers following transfection with constructs to induce Cas9 loading. While
we observed differences in the loading efficiency for each heterodimerization system, they all enabled Cas9 loading into EVs
by fusing Cas9 and EV-associated proteins or lipidation motifs to heterodimerizing protein domains. However, we found that
Cas9CRY2 loaded through recruitment by CD9 and MysPalm achieved the highest number of Cas9 molecules per EV suggesting
the CIBN-CRY2 may be best suited for loading of therapeutic peptides into EVs. Due to the high molecular weight of Cas9 and
gel conditions some band smearing occurred but our data also show that CD9 and MysPalm were important EV recruiting
partners to improve loading even though minimal loading was also seen in the absence of EV-sorting motifs or in the absence of
light stimulation. This is consistent with earlier findings from our group where low levels of Cre loading into EV's was observed
using the FKBP-FRB dimerization system in the absence of the ligand or without the corresponding EV sorting motif. However,
heterodimerization with CD81 as an EV sorting motif vastly increased loading (Heath et al., 2019). Perhaps the loading observed
in the absence of stimulus or EV sorting motif can be explained in the context of high protein overexpression if in addition
to stimulus there is also a concentration-dependency for heterodimerization, as well as concentration-dependent distribution
of cargo into the cell’s EVs sorting mechanism. Previously, it has been reported that simple protein overexpression can lead to
loading of the overexpressed protein into EVs (Mizrak et al., 2013). While minimal Cas9 loading occurs without EV-sorting,
the improvement in loading through heterodimerization and the ability to deliver functional cargo only in inducibly loaded
conditions suggest that heterodimerization is critical for therapeutic Cas9 protein delivery.

We also demonstrate that existing Cre-Lox reporter systems may be repurposed for detection and quantification of Cas9 gene
editing detection by designing sgRNA targeting the LoxP sites. Since the LoxP sequence is not present in mammalian genomes
there islittle chance of off-target DNA cleavage when targeting this sequence making it a safer alternative for research than editing
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FIGURE 6 Invitro Cas9 delivery by EVs for PCSK9 gene editing. Cas9 or Cas9 and PCSK9 sgRNA was delivered by EVs. In the case Cas9 alone
delivery by EVs, PCSK9 sgRNA was delivered by plasmid transfection of Hek293T cells. Gene editing efficiency was determined by next-generation sequencing
to be 5.8% for with Cas9CRY2 EVs loaded through MysPalm while EVs loaded with both Cas9Cry2 and PCSK9 sgRNA resulted in 4.4% gene editing (Mean +
SD, n = 4, statistical significance determined with one-way ANOVA). Cells were stimulated with an equal amount of EVs (5.5 X 10* EVs/cell)

of mammalian genes (Yarmolinsky & Hoess, 2015). Because the LoxP does not contain any “NGG” Protospacer adjacent motif
(PAM) sequence required for WT Streptococcus pyogenes Cas9, there is the constraint that close to the LoxP sites there must be
an NGG sequence that is not within the reporter protein open reading frame and it must be present on both LoxP sites. If these
requirements are met, then any existing Cre-Lox reporter system can be repurposed for Cas9 editing detection. Additionally,
we have found that our LoxP sgRNA design has only seven potential off-target sites with three nucleotide mismatches, and
104 off-targets with four nucleotide mismatches. No closely matched sites with less than three mismatches to the target site were
observed, minimizing the probability of off-target editing for this guide. For our PCSK9 sgRNA design, in silico off-target analysis
showed no potential off-target sites with less than four mismatched nucleotides and only 21 potential off-target sites with four
mismatches, highlighting the high degree of specificity of our design. On the other hand, we did not detect any large structural
variations at the edited PCSK9 locus in our work, contrarily to previous observations for direct ribonucleoprotein (RNP) delivery
(Hoijer et al., 2022). This might be due to the lower amount of RNPs delivered by the engineered EVs, suggesting that EV-based
delivery could have a potential advantage compared to other vehicles in circumventing the unwanted effects often observed with
CRISPR/Cas9.

One interesting observation is that Cas9 loading through MysPalm is higher than measured for CD9. A previous report investi-
gating lipidation tags and fusion of cargo to plasma membrane proteins also found MysPalm to be more efficient at recruiting into
EVs perhaps due to the greater challenge in the transport and proper folding of an integral plasma membrane protein through
the endoplasmic reticulum when fused to a larger protein domain (Shen et al., 2011). The increased efficiency of Cas9 loading
with MysPalm correlated with the finding that it was the only condition in which significant Cas9 delivery and gene editing
was observed. Thus, EVs can only deliver Cas9 if loaded by heterodimerization with the CIBN-CRY2 system and MysPalm, but
not when loaded less efficiently by other heterodimerization conditions or controls lacking heterodimerization. Since the most
commonly reported mechanism for EV delivery is that endocytosis occurs and is followed by escape from endosomes resulting
in cargo delivery to the cell cytoplasm (Théry et al., 2018) an important advantage of our approach is that it allows for dissocia-
tion of the Cas9 cargo from the anchoring tetraspanin or lipid motif due to the reversibility of the protein dimerization system
used. After dissociation, concentration gradients between cargo in EVs and the cell will also favour transfer to the cell cytoplasm.
Interestingly, one of the other systems studied here that did not result in Cas9 delivery was FKBP-FRB. In an earlier study using
the FKBP-FRB system for loading Cre protein into EVs our group identified endosomal escape as an important limiting factor to
be overcome for the delivery of Cre using EV's (Heath et al., 2019). Thus, another potential explanation for Cas9 transfer occur-
ring when loaded into EV's via MysPalm but not via CD9, despite similar levels of protein present, is that MysPalm provides an
advantage over CD9 in terms of endosomal escape. Until this study there had been no evidence about the effect of protein lipi-
dation in the context of EV cargo transfer but there has been extensive evidence that lipidation increases the endosomal escape
and delivery efficiency of peptide vectors (Hou et al., 2015).

Another important observation is that co-expressing sgRNAs in cells that are loading Cas9 into EV's through inducible dimer-
ization is sufficient to recruit sgRNA into EVs without the need to use additional mechanisms. Here, loading of Cas9 with Mys-
Palm also showed the highest levels of sgRNA loading as compared to CD9 or passive loading conditions. In line with our
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finding, a recent study showed that simple expression of CRISPR sgRNA by EV secreting cells is sufficient for loading into EV's
and functional transfer of the sgRNA (De Jong et al., 2020).

Considering the evidence for gene editing with Cas9 loaded EV's isolated by ultracentrifugation we also explored if this obser-
vation could be replicated in another cell line or with another system. To that end we repeated experiments using HepG2 cell
expressing a fluorescent reporter showing that these cells can also be edited with Cas9 EVs. Additionally, we used 0.4 um tran-
swell co-cultures that allows for exchange of Cas9 by EVs, and potentially other soluble forms, smaller than the 0.4 um filter
size. In this setup we also found functional transfer of Cas9 at similar levels as observed with isolated EVs. This observation
also revealed that Cas9 functional transfer is not due to potential artifacts introduced during ultracentrifugation or storage but
instead cells can transfer Cas9 via EVs without need for isolation.

Having determined that gene editing was possible by EV transfer in a fluorescent reporter system we next set out to test
editing of a therapeutically relevant gene, PCSK9. EV's were loaded with Cas9 alone or together with a PCSK9 sgRNA using
the MysPalm and CIBN-CRY2 dimerization condition that resulted in best Cas9 loading and delivery to reporter cells. While
statistically significant gene editing of PCSK9 was observed both by next-generation and Sanger sequencing, it was markedly
lower than that observed with the fluorescent reporter system. There is the possibility that differences in gene editing efficiencies
could be due to the sgRNA designs as distinct designs can significantly influence in editing efficiencies (Xu et al., 2015; Wang
etal., 2019). Another potential reason is the copy number of edited gene per cell. To generate fluorescent reporter cells a lentiviral
approach and puromycin selection was employed which results in multiple copies of the reporter integrated per genome. Thus,
targeting the reporter construct allows for more gene copies to be edited per cell as compared to the PCSK9 gene which should
be present in 2-3 copies in pseudotriploid cells such as Hek293T (Lin et al., 2014). The observation of lower editing efficiency
of PCSK9 compared to the fluorescent reporter gene highlights the importance of testing different sgRNA candidates when
developing efficient gene therapy strategies.

Lastly, to rule out the possibility of gene editing in reporter cells being caused by soluble non-EV encapsulated Cas9 protein,
mRNA, or DNA co-isolated with our EV preparations we used detergent treatments of the EV preparations, which disrupt vesic-
ular structures but not protein aggregates. We administered EV preparations from detergent treated and non-treated conditions
to reporter cells and observed that their biological activity was disrupted with detergent treatment supporting that delivery was
mediated by vesicular structures. In addition to detergent treatment, we also purified EV preparations using SEC to observe
whether non-vesicular fractions retaining gene editing activity. Indeed, as with detergent controls, we found here that gene edit-
ing activity was retained in the EV-containing SEC fractions as confirmed by NTA counts and the presence of EV markers.

Taking into account the Cas9 EV-loading efficiencies observed it is possible to estimate the amount of Cas9 delivered by
EVs into cells. Considering 25 Cas9 molecules loaded per EV and addition of 5.5 X 10* EVs per cell we can estimate delivering
about 1.38 X 10° Cas9 molecules per cell which corresponds to about 0.365pg of Cas9 per cell. For comparison, other strategies
such as transfection by lipofectamine or electroporation of Cas9-sgRNA ribonucleoprotein employ about 8.33pg of Cas9 per cell
representing 22.8 times more Cas9 per cell. Nevertheless, it is hard to directly compare distinct delivery methods because of other
important considerations such as the degree of Cas9 actually delivered into cell nucleus as opposed to that which may be routed
for degradation in lysosomal compartments.

In terms of delivery of Cas9 by EVs there are other studies confirming this to be possible (Chen et al., 2019; Kim et al., 2017; Lin
etal., 2018, Montagna et al., 2018; Ye et al., 2020). A complication in directly comparing the findings using these other EV-based
delivery systems to those in the present work is that percentage of gene editing achieved, EV concentration used, or Cas9 protein
levels loaded were not reported in all studies. Some studies are focused on the delivery to target cells of Cas9-encoding plasmids
and of sgRNA, loaded into EV's using different strategies. In one case, DNA plasmids encoding Cas9 components were loaded
into EV's post isolation via electroporation resulting in 27% gene editing efficiency (Kim et al., 2017). As in our study, another
report found that sgRNA expression in producer cells resulted in sgRNA loading into secreted EV's which were fused to liposomes
containing Cas9 DNA plasmids via overnight incubation at 37°C (Lin et al., 2018). Other studies have focused on the delivery
of Cas9 protein and sgRNA, as in our study. In one report protein engineering was also employed based on arrestin domain
containing protein 1 (ARRDCI) to recruit Cas9 and sgRNA into EVs through protein-protein interactions (Wang et al., 2018).
In line with our data, it was also observed that recruitment of Cas9 into EVs via protein-protein interactions was sufficient to
also result in loading of sgRNA and about 12% gene editing efficiency (Wang et al., 2018). In another case the fusogenic envelope
glycoprotein of the vesicular stomatitis virus (VSV-G) was co-expressed with Cas9 and sgRNA in secreting cells (Montagna
et al,, 2018). The resulting VSV-G induced EV's were capable of achieving up to 60% gene editing efficiency (Montagna et al.,
2018). Most recently, another report showed that overexpression of Cas9 and sgRNAs in stably expressing cells established with
lentiviral particles also resulted in cargo loading into EV's (Chen et al., 2019). Gene editing was also observed after administration
of isolated EV's or in mixed co-cultures of cells expressing the Cas9 constructs with cells that did not express the constructs (Chen
et al., 2019).

The tools developed in this study for inducible protein loading into EVs show promising potential as a novel delivery vector
for Cas9 and other proteins due to the high levels of functional cargo incorporated, and successfully delivered. In addition to the
results presented in this work, the potential of using EV's for therapeutic gene editing is further justified due to their favourable
safety profiles compared to other existing delivery methods such as the polymer and lipid-based transfection reagents used in
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this study. Indeed, earlier work from our group has already shown EVs to have low toxicity and immunogenic profiles in vivo
(Saleh et al., 2019) compared to other delivery methods providing further evidence that EVs could prove to be a useful tool for
delivery of therapeutics.
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