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The therapeutic effect of retinal gene therapy using CRISPR/
Cas9-mediated genome editing and knockout applications is
dependent on efficient and safe delivery of gene-modifying
tool kits. Recently, transient administration of single guide
RNAs (sgRNAs) and SpCas9 proteins delivered as ribonucleo-
proteins (RNPs) has provided potent gene knockout in vitro.
To improve efficacy of CRISPR-based gene therapy, we deliv-
ered RNPs containing SpCas9 protein complexed to chemically
modified sgRNAs (msgRNAs). In K562 cells, msgRNAs signif-
icantly increased the insertion/deletion (indel) frequency (25%)
compared with unmodified counterparts leading to robust
knockout of the VEGFA gene encoding vascular endothelial
growth factor A (96% indels). Likewise, in HEK293 cells, lipo-
plexes containing varying amounts of RNP and EGFP mRNA
showed efficient VEGFA knockout (43% indels) and strong
EGFP expression, indicative of efficacious functional knockout
using small amounts of RNP. In mice, subretinal injections of
equivalent lipoplexes yielded 6% indels in Vegfa of isolated
EGFP-positive RPE cells. However, signs of toxicity following
delivery of lipoplexes containing high amounts of RNP were
observed. Although the mechanism resulting in the varying ef-
ficacy remains to be elucidated, our data suggest that a single
subretinal injection of RNPs carrying msgRNAs and SpCas9
induces targeted retinal indel formation, thus providing a clin-
ically relevant strategy relying on nonviral delivery of short-
lived nuclease activity.
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INTRODUCTION
Gene therapies based on CRISPR/Cas9-mediated genome editing and
gene knockout are at advanced stages of (pre)-clinical development to
treat a broad range of monogenic diseases, such as sickle cell disease1

and Duchenne muscular dystrophy.2 The successful application of
genome editing for treatment is strongly dependent on delivery and
safety of the technology.3 Following adaptation of the CRISPR system
from the adaptive immune system in prokaryotes, CRISPR/Cas9
genome-editing technologies have been optimized to induce gene
knockout with unprecedented efficacy and specificity.4–7 Strepto-
coccus pyogenes (Sp) Cas9 demonstrates high efficacy and target flex-
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ibility because of a protospacer adjacent motif (PAM), which is com-
mon in genomes.8 To increase targeting options, alterations in
SpCas9 have been introduced to relax PAM specificity, and novel
CRISPR effectors, such as CjCas9, have been discovered.9–12

Genome surgery of retinal targets has been shown to result in the pre-
cise introduction of double-stranded breaks, even with allele-specific
targeting,13,14 as illustrated by the current clinical trial utilizing
CRISPR/Cas9 to treat Leber congenital amaurosis type 10 (LCA10)
caused by mutations in the CEP290 gene (ClinicalTrials.gov:
NCT03872479).15 Vectors based on adeno-associated virus (AAV)
packaged in serotypes 1, 2, 5, and 9 have been used to deliver CRISPR
components targeting genes (primarily Vegfa and Rho) in retinal
pigment epithelium (RPE)16–18 and photoreceptor (PR) cells14,19,20

using either SpCas9 or smaller nucleases in all-in-one AAVs.16,18

Several of these studies relied on fluorescence-activated cell sorting
(FACS)-based isolation of edited cells, and in a recent paper, we
demonstrated that lentiviral vector (LV) delivery of SpCas9 and single
guide RNA (sgRNA) expression cassettes induced insertions/dele-
tions (indels) in transduced EGFP-positive RPE cells.21 Knockdown
in the retina has also been achieved by electroporation of subretinally
injected plasmids encoding SpCas9 and sgRNAs targeting RHO in
transgenic mice.22 However, as genome editing approaches clinical
application,23 safety issues have been raised regarding increased off-
target activity with prolonged SpCas9 expression.24

Consequently, this has spawned a massive interest in exploiting
nonviral CRISPR-based therapeutics that can induce knockout.
Direct delivery of the Cas9 RNP is being carefully studied as a thera-
peutic strategy for generating knockout and has great potential for
clinical translation, mainly because of proven procedures for produc-
ing recombinant proteins and well-documented clinical applications
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Figure 1. sgRNA Design and Effect of sgRNA Modification

(A) Part of the human and murine vascular endothelial growth factor A (Vegfa) exon 3 sequence. Homologous sequence used for design of single guide RNAs (sgRNAs)

targeting both human and murine Vegfa shown in bold. Mismatches are indicated in red font. Three sgRNAs targeting the Vegfa gene were designed and obtained with and

without chemical modifications of the first and last three nucleotides of the sgRNA. sgRNAs were named according to CRISPRko on-target prediction scores, with sgRNA1

ranked highest. sgRNA sequences were indicated with underlined protospacer adjacent motif (PAM) sequences. (B) Fluorescence analysis of EGFP expression 1 day post-

electroporation of K562 cells. Electroporation of approximately 2� 105 K562 cells with 2 mg EGFP mRNA was used to evaluate electroporation efficacy. As judged from the

EGFP and phase contrast images, almost all of the cells expressed EGFP. Representative images were shown (n = 3). Scale bar, 200 mm. (C) Tracking of indels by

decomposition (TIDE) analysis of indels following electroporation of modified and unmodified synthetic sgRNAs. A total of 3 mg Cas9 protein and 1.5 mg sgRNA were used for

electroporation of approximately 2� 105 K562 cells. Two days post-electroporation, genomic DNA (gDNA) was isolated and used as the template for PCR amplification. PCR

(legend continued on next page)
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of therapeutics based on proteins. Hence various methodologies have
been developed for delivering Cas9 ribonucleoproteins (RNPs)
in vitro and in vivo.25,26 Lipofectamine has been successful in deliv-
ering Cas9 RNP to the ear27 and into the eye.17 In the latter study,
Kim et al.17 demonstrated retinal targeting of Vegfa and Rosa26 using
RNPs delivered by Lipofectamine 2000-based lipoplexes. Extensive
amounts of RNPs (8 mg Cas9 and 4 mg sgRNA) were delivered by a
single subretinal injection. Up to 25% indel formation was obtained
in RPE cells isolated from the injected area, while reduced choroidal
neovascularization (CNV) in a mouse model was observed as a result
of Vegfa knockout. Analysis of predicted off-target sites revealed min-
imal off-target activity, thus emphasizing the potential use of RNPs
for clinical application.

To increase on-target efficacy, 20O-methyl-30phosphorothiate modi-
fications on the terminal three nucleotides of sgRNAs have demon-
strated increased sgRNA stability and flexibility in vitro.28 As a further
improvement of previous studies relying on electroporation of
plasmid-based CRISPR/Cas922 or transfection of RNPs carrying un-
modified sgRNAs,17 transient delivery of chemically modified
sgRNAs (msgRNAs) and Cas9 combined in RNPs could thus provide
a clinically attractive option. In this study, our findings demonstrate,
to our knowledge for the first time, in vivo gene knockout in the mu-
rine retina facilitated by msgRNAs and SpCas9 targeted to the Vegfa
gene in the RPE cells. Moreover, the present study includes two addi-
tional key evaluations that have not been previously investigated:
assessment of the efficiency of chemically msgRNAs compared with
unmodified sgRNAs targeting Vegfa and evaluation of the efficacy
of different transfection reagents in delivering Vegfa-targeting
RNPs both in vitro and in vivo. Due to the hit-and-run nature of
RNPs, the present study further supports the notion that nonviral
gene knockout using delivery of target gene-disrupting RNPs contain-
ing Cas9 protein and sgRNAs can become clinically relevant for ap-
plications relying on safe gene knockout in the retina.

RESULTS
Verification of sgRNA Efficacy in Electroporated K562 Cells

To investigate RNP-based targeting of Vegfa in both murine and hu-
man cells, we surveyed Vegfa genes from both species for conserved
Cas9 target sites. Three sgRNAs (sgRNA1–3) spanning a homologous
32-bp region in exon 3 were designed using the Broad Institute’s on-
line CRISPRko tool (Figure 1A). Improved sgRNAs with chemical
modifications of the terminal three nucleotides (msgRNAs) were
compared with unmodified sgRNAs. To validate electroporation pa-
rameters, we delivered 2 mg EGFPmRNA to 2� 105 K562 cells (a hu-
man erythroleukemic cell line). One day after electroporation, fluo-
rescence microscopy showed robust EGFP expression, suggesting
efficient electroporation-based delivery of mRNA (Figure 1B). Next,
the capacity of msgRNA versus unmodified sgRNA to support
Cas9-directed indel formation was evaluated in K562 cells. A total
products were isolated following gel electrophoresis and sequenced. Sequencing results

(CTRL) for TIDE analysis. Indel formation frequencies are shown as mean ± SD (n = 3

modified sgRNA (msgRNA) and sgRNA. Cut site 3 bp upstream to the PAM was indica
of 2� 105 K562 cells were electroporated with 3 mg Cas9 protein com-
plexed with 1.5 mg of either a msgRNA (msgRNA1–3) or an unmod-
ified sgRNA (sgRNA1–3). Indel quantification by tracking of indels
by decomposition (TIDE) analysis performed 2 days after electropo-
ration demonstrated high frequencies of indel formation using
msgRNA1–3 (Figures 1C and 1D). With 96% ± 1% indel formation,
msgRNA1 significantly outperformed both msgRNA2 (78% ± 10%)
and msgRNA3 (84% ± 2%). In parallel, sgRNA1 displayed a higher
indel frequency compared with both sgRNA2 and sgRNA3. Approx-
imately 20% indel formation was observed in the K562 cells electro-
porated with sgRNA2 and sgRNA3, whereas up to 76% ± 8% indel
formation was obtained using sgRNA1. The efficacies of both modi-
fied and unmodified sgRNA1–3 were in accordance with the Broad
Institute’s CRISPRko prediction scores. sgRNA1was ranked the high-
est among 24 predicted sgRNAs for human VEGFA exon 3. Alto-
gether, msgRNAs significantly increased indel frequencies in electro-
porated K562 cells compared with the unmodified counterparts
(Figure 1C). For this reason, only msgRNAs were used in the
following experiments.

Transfection of Vegfa-Targeting RNPs in HEK293 Cells

We next investigated the efficacy of lipoplex-based delivery of RNPs
to human embryonic kidney (HEK293) cells using Lipofectamine
3000 (LF3000). Previously, the delivery of RNPs has been demon-
strated using LF2000.17 LF3000 is an enhanced version of LF2000, ex-
hibiting increased delivery efficacy and reduced toxicity.29 As recom-
mended by the supplier of LF3000, Cas9 and msgRNA amounts
relative to cell numbers were decreased compared with the experi-
ments involving electroporation of K562 cells, and a total volume
of 50 mL was used for the formation of lipoplexes. Hence 1 � 105

HEK293 cells were transfected with LF3000 lipoplexes containing
1.5 mg Cas9 RNP (the number indicates the amount of Cas9 protein
used together with the sgRNA in a 2:1 mass ration (1:2.5 molar ratio)
in the RNPs; see Materials and Methods) guided by msgRNA1,
msgRNA2, or msgRNA3. Two days post-transfection, cells were har-
vested, and VEGFA PCR amplicons generated from extracted
genomic DNA (gDNA) were subjected to TIDE analysis. In accor-
dance with the results obtained in the electroporated K562 cells,
msgRNA1 demonstrated significantly higher efficacy in transfected
HEK293 cells with 43% ± 9% indel frequency compared with
msgRNA2 (13% ± 7%) and msgRNA3 (15% ± 2%) (Figure 2A).
Consequently, msgRNA1 was used in the subsequent experiments.

Tracking Delivery of RNPs by Adding EGFPmRNA to Lipoplexes

The robust in vitro indel formation with LF3000 lipoplex-based RNP
delivery encouraged us to investigate whether this strategy could also
be used in vivo. To evaluate transfection efficacy, we used lipoplexes
containing EGFP mRNA. Importantly, addition of EGFP mRNA also
allowed in vivo identification of transfected cells, which could be ex-
ploited for FACS.21 To determine the required amount of EGFP
were analyzed for indels by TIDE. sgRNA-Irr (irrelevant) was used as negative control

). *Statistically significant. (D) Representative sequencing chromatogram for each

ted by the red dotted line. PC, phase contrast.
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Figure 2. Comparison of msgRNAs and Validation of EGFP mRNA Transfection

(A) Comparison of indel frequencies following Cas9 ribonucleoprotein (RNP) transfection into human embryonic kidney (HEK)293 cells using msgRNAs. Approximately 1 �
105 HEK293 cells were seeded and transfected the next day with RNP complexes consisting of 1,500 ng Cas9 protein and 750 ng msgRNA1–3, using Lipofectamine (LF)

3000 in a total volume of 50 mL. Two days post-transfection, indel formation efficacy of msgRNA1–3 was evaluated. Indel formation frequencies are shown asmean ± SD (n =

3). Statistical tests in (A) are Student’s t test: *p < 0.05. (B) Gating used for flow cytometry analysis of EGFP+ cells. Approximately 2 � 104 HEK293 cells were seeded and

transfected the next day with increasing amounts of EGFP mRNA from 25 to 500 ng in a total volume of 50 mL using LF3000. The four upper plots represent non-transfected

cells (negative) cells. The two lower plots represent cells treated with 25 or 500 ng EGFP mRNA. (C and D) Gating of all the samples analyzed in (C) and (D) is shown in

Figure S1. Foreward scatter (FSC), side scatter (SSC), and applied wavelength and detector are indicated on the plots. (C and D) Quantification of EGFP signals in HEK293

cells transfected with 25–500 ng EGFP mRNA in a total volume of 50 mL using flow cytometry as described in (B). EGFP mRNA was delivered by either LF2000 (blue) or

LF3000 (red). Mean values ± SD of EGFP+ cells are shown in (C). EGFP intensity median values ± SD are shown in (D). Statistical tests in (C) and (D) are Student’s t test: *p <

0.05, **p < 0.01, ***p < 0.001 (LF2000 versus LF3000). (E) Analysis of EGFP expression 1 day post-transfection by fluorescencemicroscopy. Approximately 1� 105 HEK293

cells were seeded and transfected the next day with 25 or 500 ng EGFP mRNA in a total volume of 50 mL using LF3000. Representative images are shown (n = 3). Scale bar:

20 mm. PI, propidium iodide.
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mRNA, we prepared lipoplexes containing 25, 50, 100, 250, and
500 ng EGFP mRNA with either LF2000 or LF3000 prior to
HEK293 transfection. Analysis by flow cytometry 1 day post-transfec-
tion revealed elevated EGFP expression as a result of increased EGFP
mRNA amounts formulated in the lipoplexes (Figures 2B–D). Lipo-
plexes carrying 25 ng EGFP mRNA resulted in approximately 60%
EGFP+ cells, and the number of cells expressing EGFP gradually
increased with increasing amounts of EGFP mRNA to almost 100%
when applying 500 ng EGFP mRNA (Figure 2C). Similarly, the
EGFP intensity gradually increased with increasing amounts of
194 Molecular Therapy Vol. 29 No 1 January 2021
EGFPmRNA (Figure 2D; Figure S1), consistent with the fluorescence
microscopy analysis (Figure 2E). Delivery by LF2000 and LF3000
both resulted in increasing EGFP expression with increasing amounts
of EGFP mRNA. In the case of LF3000, a small, but statistically sig-
nificant increase relative to LF2000 in the number of EGFP+ cells
was observed for 100, 250, and 500 ng EGFP mRNA (Figure 2C).
LF2000 conversely produced a small, statistically significantly in-
crease in the EGFP intensity for all amounts applied compared with
LF3000 (Figure 2D). Because high EGFP protein levels can result in
cell toxicity,30 and the number of EGFP+ cells almost reached a



Figure 3. Evaluation of EGFP Expression and Indel

Formation in 2 mL Transfection Volume

Approximately 2 � 104 HEK293 cells were seeded and

transfected the next day with 100 ng EGFP mRNA and

increasing amounts of RNP. Cas9 and sgRNAs were

complexed in a 2:1 mass ratio, with Cas9 RNP amounts of

250, 500, 1,000, 2,000, 3,000, and 4,000 ng. LF2000 and

LF3000 were used to deliver EGFP mRNA and RNPs

containing msgRNA1 or msgRNA-Irr. (A) Assessment of

the EGFP expression 1 day post-transfection by fluores-

cence microscopy revealed decreasing EGFP expression

as a result of increasing amounts of RNPs containing

msgRNA1. Representative images are shown (n = 3). Scale

bar, 200 mm. (B) Two days post-transfection, gDNA was

isolated from the cells shown in (A), and PCR amplification

provided samples for sequencing. TIDE analysis was per-

formed to analyze indel frequency to compare indel for-

mation following LF2000 (blue columns) or LF3000 (red

columns) transfection. Indel formation frequencies are

shown as mean ± SD (n = 3). Statistical tests in (B) are

Student’s t test: *p < 0.05. n.s., not significant.

www.moleculartherapy.org
maximum at 100 ng EGFP mRNA (approximately 93% EGFP+ cells
with LF3000), this dose was chosen for the following experiments.

In Vitro Indel Formation: Downscaling the Transfection Volume

for Subretinal Delivery

Subretinal injection in mice restricts the injection volume to 2 mL.
Because standard protocols for transfection experiments use a mini-
mum of 50 mL for complex formation, downscaling the volume from
50 to 2 mL was necessary to allow subretinal injection of lipoplexes
containing EGFP mRNA and RNP. The volume used for lipoplex for-
mation is essential for subsequent transfection efficacy.31 Therefore,
the Cas9 RNP amount was titrated to optimize efficacy. Without
altering the amount of EGFP mRNA (fixed to 100 ng) or concentra-
tion of LF3000 (20% v/v) in a total volume of 2 mL, 2 � 104 HEK293
cells were transfected with lipoplexes containing either 250, 500,
1,000, 2,000, 3,000, or 4,000 ng Cas9 RNP. To compare LF3000
with LF2000, we prepared similar LF2000-based lipoplexes in parallel.
Fluorescence microscopy revealed decreased EGFP expression as a
result of increased amounts of Cas9 RNPs (Figure 3A). This phenom-
enon was observed for lipoplex formulations based on both LF2000
and LF3000 (Figure 3A). The most prominent expression of EGFP
was observed using the lowest amount of Cas9 RNP (250 ng). Expres-
sion of EGFP was severely affected by 3,000 ng Cas9 RNP, and only
traces of EGFP expression were observed following transfection
with 4,000 ng Cas9 RNP. Cells were harvested 2 days post-transfec-
tion, and in most cases, TIDE analyses revealed increased indel fre-
quencies as a result of increased amounts of Cas9 RNPs (Figure 3B).
For LF3000-based lipoplexes, the titration of Cas9 RNP resulted in an
increase in indel formation from 12.5% ± 4.3% for 250 ng Cas9 RNP
to 36.9% ± 6.8% with 3,000 ng Cas9 RNP. Following transfection with
4,000 ng Cas9 RNP, less indel formation was observed (21.8% ±

7.4%). In comparison, lipoplexes based on LF2000 demonstrated a
similar pattern. No statistically significant difference in indel fre-
quency using the two transfection reagents was observed, except for
the 3,000-ng samples. Here, significantly lower indel formation
(6.7% ± 5.4%) was obtained using LF2000 compared with LF3000.
This discrepancy most likely reflects a technical issue related to the
samples prepared with 3,000 ng Cas9 RNP, because the 4,000-ng sam-
ples revealed higher efficacy following delivery by both LF2000 and
LF3000. To quantify the EGFP expression, we performed flow cytom-
etry (Figure 4A; Figure S2). Clearly detectable EGFP expression was
observed even at 250 ng Cas9 RNP, whereas the EGFP expression
level was severely affected by 4,000 ng Cas9 RNP (Figures 4B–4D).
The decrease in EGFP expression was independent of the sgRNA
used in the RNP complexes, and complexes with msgRNA1 and
msgRNA-Irr (irrelevant control sgRNAwithout target sites in the hu-
man genome) resulted in comparable expression levels (Figure 4B). In
one case (LF2000, msgRNA1, 2,000 ng Cas RNP), we detected an un-
expected increase in EGFP expression. Meanwhile, a decline of the
EGFP expression intensity was observed when the amount of RNP
was increased (Figure 4C), consistent with the fluorescence micro-
scopy analysis (Figure 3A). On the contrary, the indel frequency
increased with increasing amount of RNP. Taken together, LF3000-
based lipoplexes demonstrated reliable indel frequencies with peak ef-
ficacy using 3,000 ng Cas9 RNP, and similar efficacy was obtained us-
ing LF2000-based lipoplexes, although less consistently (Figure 3B).
No signs of sgRNA-dependent toxicity were observed in the trans-
fected cells. In both cases, the EGFP expression was negatively
affected by increasing amounts of Cas9 RNPs (Figure 4D), in a
manner that did not depend on the sgRNA target site (Figures 4B
and 4C).

To assess whether complexation and transfection were affected by
decreasing the volume from 50 to 2 mL, we transfected 2 � 104
Molecular Therapy Vol. 29 No 1 January 2021 195
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Figure 4. Quantification of EGFP Expression in 2 mL Transfection Volume

Quantification of the EGFP expression in HEK293 cells transfected with 100 ng EGFP mRNA and increasing amounts of RNP was performed by flow cytometry 1 day after

transfection. Cas9 and sgRNAs were complexed in a 2:1 mass ratio, with Cas9 RNP amounts of 250, 500, 1,000, 2,000, 3,000, and 4,000 ng. LF2000 and LF3000 were

used to deliver EGFPmRNA and RNPs containingmsgRNA1 ormsgRNA-Irr to HEK293 cells. Approximately 2� 104 HEK293 cells were seeded 1 day before transfection. (A)

Settings used to gate the EGFP+ cells. The four upper plots represent non-transfected (negative) cells. The four lower plots represent cells treated with 250 or 4,000 ng Cas9

containing chemically modified sgRNA (msgRNA 1 or msgRNA-Irr). (B and C) Gating of all the samples analyzed in (B) and (C) are shown in Figure S2. (B) Quantification of

EGFP+ cells by flow cytometry using the gating shown in (A). The number of EGFP+ cells treated with RNPs containing msgRNA1 or msgRNA-Irr following LF2000-based

delivery are shown in dark blue and light blue, respectively (mean values ± SD). The number of EGFP+ cells treated with RNPs containing msgRNA1 or msgRNA-Irr following

LF3000-based delivery are shown in dark red and light red, respectively. (C) EGFP intensity median values ± SD from cells analyzed in (B). (D) Representation of the rela-

tionship between the obtained EGFP expression and indel formation in HEK293 cells as a result of increased amounts of LF3000-based delivery of Cas9 RNPs containing

msgRNA1. As observed by flow cytometry (shown in C), the EGFP expression intensity was decreased as a result of increased RNP load. In contrast, the indel frequency

increased with increasing amount of RNP. The indel formation frequency is represented by a red line. The EGFP intensity median is presented by a green line, and the number

of EGFP+ cells is displayed by a green dotted line. AU, arbitrary units.
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HEK293 cells with LF2000 or LF3000 lipoplexes carrying EGFP
mRNA (100 ng) and Cas9 RNP (250–2,000 ng) in a 50 mL volume.
The cells were transfected in parallel to the cells analyzed in Figure 3.
Similar to the experiment using 2 mL volume (compare Figures 3A
and 5A), fluorescence microscopy carried out 1 day post-transfection
revealed a significant decrease in EGFP expression as a result of
increasing the amount of RNP (Figures 5A and 5B). Quantification
of the EGFP signal revealed a decrease from 28.1% ± 8.0% to
3.3% ± 0.1% when comparing cells treated with 250 and 2,000 ng
Cas9 RNP in LF2000 lipoplexes, respectively (Figure 5B). The decline
196 Molecular Therapy Vol. 29 No 1 January 2021
was particularly evident for cells transfected with 1,000 and 2,000 ng
Cas9 RNP (250 versus 1,000 ng: p < 0.01; 250 versus 2,000 ng: p <
0.0001). The decrease in EGFP expression was independent of
complexation volume, because a similar tendency was observed using
2 or 50 mL. A similar EGFP expression pattern was observed using
LF3000 lipoplexes. The EGFP signals decreased from 22.6% ± 1.2%
to 0.6% ± 0.2% when comparing cells treated with 250 and
2,000 ng Cas9 RNP, respectively (Figure 5B). As in the case of
LF2000, the decline was particularly evident for cells transfected
with 1,000 and 2,000 ng Cas9 RNP (250 ng Cas9 RNP versus



Figure 5. In Vitro Validation of Lipoplex Formation in

50 mL Transfection Volume

Approximately 2 � 104 HEK293 cells were seeded and

transfected the next day with LF2000 or LF3000. The cells

were transfected in parallel to the cells analyzed in Fig-

ure 3. Increasing amounts of RNP, containing Cas9 pro-

tein and msgRNA1 or Cas9 protein and msgRNA-Irr, were

co-packaged with 100 ng EGFP mRNA into lipoplexes.

Cas9 and msgRNAs were complexed in mass ratio of 2:1,

with 250–2,000 ng Cas9 RNP. (A) Fluorescence analysis

of EGFP expression 1 day post-transfection demonstrates

decreasing EGFP expression upon titration of Cas9 RNP

(containing msgRNA1) from 250 to 2,000 ng. Represen-

tative images are shown (n = 3). Scale bar, 200 mm. (B)

Quantification of EGFP signals. Determination of the area

intensity was used to quantify the EGFP signals presented

in (A) (n = 3). Mean values ± SD are indicated by horizontal

lines. LF2000 (blue) and LF3000 (red). Statistical tests in

(B) are one-way ANOVAs (multiple comparison): *p < 0.05,

**p < 0.01, ***p < 0.001, ****p < 0.0001 (250 versus

1,000 ng and 250 versus 2,000 ng). (C) Two days post-

transfection, gDNA was isolated and used as the template

for PCR. Resulting sequences from samples transfected

with LF2000 (blue columns) and LF3000 (red columns) were analyzed using TIDE. Samples transfected with LF2000 induced indels at a significantly higher frequency than

LF3000 for cells transfected with 500, 1,000, and 2,000 ngCas9 RNP. Indel formation frequencies are shown asmean ±SD (n = 3). Statistical tests in (C) are Student’s t test:

*p < 0.05.
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1000 ng Cas9 RNP, p < 0.05; 250 ng Cas9 RNP versus 2000 ng Cas9
RNP, p < 0.001) (Figure 5B). TIDE analysis revealed a tendency for a
higher genome-editing efficacy using 500, 1,000, or 2,000 ng Cas9
RNP following transfection with LF2000 lipoplexes compared with
LF3000 (Figure 5C). The indel efficacy reached a plateau at 500 ng
Cas9 RNP using LF2000 lipoplexes (up to 62.4%), whereas peak indel
formation frequency was obtained at 1,000 ng Cas9 RNP using
LF3000. Decreasing the transfection volume from 50 to 2 mL clearly
affected indel frequency (compare Figures 3B and 5C). This is illus-
trated by LF2000 lipoplexes carrying 2,000 ng Cas9 RNP, which dis-
played indel frequencies of 62.4% ± 4.1% and 29.0% ± 1.5% upon for-
mation of lipoplexes in 50 or 2 mL volume, respectively (Figure S3A).
Overall, a volume reduction from 50 to 2 mL decreased indel fre-
quency by 68% ± 10.7% and 54.7% ± 10.5% for LF2000 and
LF3000 samples, respectively (Figure S3B). In conclusion, comparable
indel formation was obtained by LF2000- and LF3000-based RNP lip-
oplexes. Because LF3000 has been described to show lower toxicity
in vivo compared with LF2000, the former was chosen for further
application of RNP delivery to the retina.29

Validation of Functional Knockout of VEGFA Production

To validate the efficacy of msgRNA1 for functional knockout of
vascular endothelial growth factor A (VEGFA) production, we used
Flip-In HEK293 cells stably expressing human VEGFA (HEK293-
VEGFA) from a cDNA sequence inserted in the Flip recombination
target (FRT) locus. This cell line was chosen because the endogenous
level of VEGFA is low inHEK293, K562, and RPE cell lines. Following
LF3000-based delivery of 0, 125, 250, and 500 ng Cas9 RNP contain-
ing either msgRNA1 or msgRNA-Irr, the HEK293-VEGFA cells were
maintained for 1 or 3 days. Cells intended for TIDE and Inference of
CRISPR edits (ICE) analysis were harvested 24 h post-transfection,
and for western blotting, the cultivation medium was replaced 24 h
post-transfection and harvested at the end of the experiment (72 h
post-transfection). Western blotting revealed almost complete elimi-
nation of VEGFA even after delivery of 125 ng Cas9 RNP containing
msgRNA1 in the HEK293-VEGFA cells, consistent with detection of
indel formation in the VEGFA gene using primers selectively ampli-
fying VEGFA located in the FRT locus (Figure 6A). Comparable indel
frequencies were obtained by TIDE and ICE analysis. In contrast, only
a minor reduction in the VEGFA level was observed in the cells
receiving 125 ng Cas9 RNPs containing msgRNA-Irr, compared
with the 0-ng Cas9 RNP sample. A similar elimination pattern was
observed following delivery of 250 and 500 ng Cas9 RNP. To investi-
gate whether the modification of sgRNA1 and the dose-dependent
SpCas9 indel rate correlated with the efficiency in suppressing the
expression of VEGFA, we delivered 0, 25, 75, and 125 ng Cas9 RNP
containing sgRNA1, msgRNA1, or msgRNA-Irr to HEK293-VEGFA
(Figure 6B). Delivery of 25 ng Cas9 RNP carrying either msgRNA1 or
sgRNA1 almost abolished VEGFA production as in the case of higher
RNP amounts. As previously observed, higher indel frequencies were
obtained when RNPs were complexed with msgRNA1 compared with
RNPs containing unmodified sgRNA1. This may also explain why
higher residual signs of VEGFA seemed to be present following deliv-
ery of 25 ng unmodified sgRNA1 compared with msgRNA1 (Fig-
ure 6B). A similar trend was also observed following delivery of 75
and 125 ng Cas9 RNP (Figure 6B).

Analysis of Predicted Off-Target Sites

To analyze whether the chemical modification of the sgRNA affects
off-target activity, we searched for off-target sites for sgRNA1 using
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Figure 6. Functional Knockout of VEGFA Protein

following Increased Delivery of RNP Levels

Validation of VEGFA knockout effects on the protein level was

performed by western blotting of media samples collected

from HEK293-VEGFA cells following LF3000-based delivery

of increasing amounts of RNP. Approximately 2 � 104

HEK293-VEGFA cells were seeded and transfected the next

day. The cells were maintained for 2 (TIDE and inference of

CRISPR edits [ICE]) or 4 days (western blotting). Twenty-four

hours after transfection, cells intended for TIDE and ICE

analysis were harvested, and the cultivation medium was

replaced on cells intended for western blot analysis. These

cells were harvested 72 h after transfection. Each lane con-

tains medium pooled from three independent replicates (n =

3). (A) Analysis of VEGFA suppression in HEK293 cells

receiving 0, 125, 250, and 500 ng Cas9 RNP containing

either msgRNA1 or msgRNA-Irr. (B) Analysis of VEGFA

suppression in HEK293 cells receiving 0, 25, 75, and 125 ng

Cas9 RNP containing either msgRNA1, sgRNA1, or

msgRNA-Irr. Quantification of VEGFA is indicated below the

blot shown in (B) (% of msgRNA-Irr). The corresponding indel

formation frequencies obtained by TIDE (red) and ICE (blue)

analysis are shown as mean ± SD below the blots (n = 3).

Molecular sizes in kilodaltons are indicated on the right. The

arrow indicates VEGFA.
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in silico prediction tools as shown in Figure 7A.28,32,33 For the top three
predicted sites, we found near-background off-target activity using
ICE analysis despite high on-target activity demonstrated by both
msgRNA1 and sgRNA1 in K562 cells (Figure 7B). Consequently, the
top three predicted off-target sites did not demonstrate off-target ac-
tivity exceeding the 1%detection limit of ICE. In the case of TIDE anal-
ysis, we observed slightly increased indels scores, although no �1/+1
indels were identified, indicating that background noise may have
caused the increased indel score (Figure 7C). In support of this,
TIDE analysis revealed a 1.8% indels score in untransfected K562 cells
in comparison with 0% obtained by ICE analysis (Figures 7B and 7C).

In Vivo Indel Formation in IsolatedRPECells followingSubretinal

Injection of LF3000-Based RNP Lipoplexes

Our in vitro data demonstrated decreased EGFP expression with
increasing amounts of RNP. However, because of uncertainty of the
EGFP expression level delivered to the retinas of treated animals,
different amounts of RNP were evaluated in vivo. C57BL/6J mice
were divided into 10 groups. LF3000 lipoplexes were prepared with
100 ng EGFP mRNA and increasing amounts of Cas9 RNP with
msgRNA1: 0 ng (n = 10), 150 ng (n = 10), 300 ng (n = 10), 500 ng
(n = 5), 1,000 ng (n = 5), 1,650 ng (n = 5), 2,000 ng (n = 5),
3,300 ng (n = 5), 4,000 ng (n = 5), and 8,000 ng (n = 5). Once formed,
2 mL lipoplexes were delivered to the RPE cells by unilateral subretinal
injection. The experiment was conducted as outlined in Figure 8A.
Immediately after subretinal injection, optical coherence tomography
(OCT) confirmed targeting of the subretinal space (Figures 8B and
8C). In parallel, the genome-editing capacity of the injected RNP lip-
oplexes was confirmed in vitro by transfection of HEK293 cells. In all
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cases, EGFP+ cells were observed (data not shown), and increasing in-
del formation with increasing amounts of RNP was observed (Fig-
ure S4). Mice were euthanized 4 days post-injection, and RPE cells
were isolated after retinal dissection of the eye cup. All isolated RPE
cells were pooled within each group and subjected to FACS analysis,
after which the cells were sorted using the GFP detector (Figures 8D
and S5). The FACS analysis did not provide a uniform population of
distinct EGFP+ cells. Instead, a small increase (from 1.1% to
2.5%–7.0%) in EGFP+ RPE cells with low to medium signals was
observed in retinas injected with EGFP mRNA and EGFP mRNA +
Cas9 RNP, compared with non-injected eyes (CTRL) (Figure 8D).
Subsequent TIDE analysis of EGFP+ RPE cells (populations shown
in Figure 8D) revealed 2.4% ± 0.7% and 5.5% ± 0.5% indel formation
in EGFP+ RPE cells isolated from retinas injected with lipoplexes car-
rying 1,650 and 3,300 ng Cas9 RNP, respectively (Figures 8E and 8F).
To further substantiate these results, 4.2% indels displayed a +1 inser-
tion, which is similar to the indel profile observed in in vitro experi-
ments with msgRNA1 (data not shown) and our recent findings using
LV-based delivery of sgRNA1.21 By further analysis of the FACS data
obtained from mice injected with EGFP mRNA and 8 mg Cas9 RNP,
EGFP+ RPE cells also displayed signals in cyanine5 (Cy5), phycoery-
thrin (PE), and peridinin chlorophyll protein complex (PerCP) detec-
tors, indicating autofluorescence (Figure 8G). This was observed only
in mice receiving Cas9 RNP and was not evident in EGFP+ RPE cells
from animals injected with only EGFP mRNA (100 ng). In addition,
an increased number of RPE cells showed EGFP expression and
higher EGFP intensity, even though 100 ng EGFP mRNA was used
for all preparations of RNP lipoplexes (compare columns 2 and 3
in Figure 8G).



Figure 7. Assessment of Off-Target Effects Mediated by sgRNA1

(A) Predicted off-target loci using the Benchling in silico bioinformatics tool.32,33 Benchling score presents the target compatibility of sgRNA1 (ON), with 100.0 representing a

perfect match, and declining values decrease targeting probability. The top three computationally predicted off-target sites (OFF1–3) are highlighted in bold. Mismatches

indicated by red font and PAM sequences are underlined. (B and C) Specificity of targeted cleavage in K562 cells mediated by RNPs containing 3 mg Cas9 protein and 1.5 mg

of either msgRNA1 or sgRNA1 using ICE (B) and TIDE (C) analysis. Indel frequencies weremeasured following Sanger sequencing of PCR amplicons of the targeted genomic

locus (VEGFA) and the top three bioinformatically predicted off-target sites. Bars represent average values + SD (n = 3). OFF1, off-target 1.
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To further evaluate the EGFP+ cells and relate the degree of autofluor-
escence in retinas injected with RNP lipoplexes to the amount of RNP,
we initiated an additional mouse study to analyze wholemounts of
sclera/choroid/RPE. Of several samples analyzed for indels, the two
samples showing indel formation (1,650 and 3,300 ng), as well as sam-
ples treated with 300 ng Cas9, were chosen for evaluation by whole
mounts. This allowed us to analyze samples containing indels as a
result of either a high or low amount of RNPs. C57BL/6J mice were
divided into four groups of three animals. LF3000 lipoplexes carrying
100 ng EGFP mRNA and 0, 300, 1,650, or 3,300 ng Cas9 RNP were
formed and administered by unilateral subretinal injection. Non-in-
jected contralateral eyes served as controls (Figure S6). Four days
post-injection, wholemounts were prepared. Retinas from the group
receiving lipoplexes carrying EGFP mRNA alone displayed a high
number of EGFP+ RPE cells, all showing the hexagonal shape, which
is characteristic of healthy RPE cells (Figures 8K and 8N), whereas
increasing amounts of Cas9 RNP significantly reduced the EGFP
expression (Figures 8K–8M). Hence EGFP+ RPE cells were detected
in the wholemounts frommice receiving 300 ng Cas9 RNP lipoplexes,
but in a small number and with lower intensity compared with whole-
mounts from mice injected with lipoplexes containing EGFP mRNA
alone (compare Figures 8K and 8L). Following delivery of 1,650 ng
Cas9 RNP lipoplexes, only a few RPE cells were EGFP+ (Figure 8M),
and a further increase of the Cas9 RNP amount to 3,300 ng signifi-
cantly altered the distribution of EGFP and the morphology of the
EGFP+ cells (Figures 8P and 8U). Instead, in confined areas of whole-
mounts from mice injected with 3,300 ng Cas9 RNP lipoplexes, we
observed small irregular EGFP+ areas without the hexagonal shape
of RPE cells. A similar pattern was observed in wholemounts from
mice receiving increasing amounts of RNPs containing msgRNA-
Irr (Figures 8S and S7V). In addition to the EGFP signal, fluorescence
microscopy also displayed signals in the Texas Red-X (TRX) and
DAPI filters, indicating autofluorescence following delivery of high
levels of RNP containing either msgRNA1 (Figures 8O, 8Q, and S6)
or msgRNA-Irr (Figures 8R, 8T, and S7). Autofluorescence was not
observed in wholemounts from animals that did not receive RNPs
(Figures 8H, 8J, S6A, S6B, and S6D). To allow FACS-based isolation
of EGFP+ cells, we evaluated 100, 250, and 500 ng EGFP mRNA
in vivo in order to increase the EGFP signal. However, retinal whole-
mounts demonstrated the most robust EGFP expression following
transfection with 100 ng EGFP mRNA (Figure S8). By increasing
the amount of EGFP mRNA in the lipoplexes, a decrease in both
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the number and intensity of EGFP+ cells was observed following
in vivo delivery.

Finally, we further explored the performance of msgRNAs in vivo, by
investigating whether the transfection reagent Viromer RED could be
used as an alternative to LF3000. Viromer RED-based delivery re-
sulted in approximately 60%–80% indel formation in HEK293 cells
using preformed RNPs containing msgRNA1–3 (Figure S9A). Addi-
tionally, a similar EGFP expression (Figure S9B), as well as compara-
ble indel frequencies (Figure S9C), was observed using either Cas9
mRNA or Cas9 protein (50 mL transfection volumes). Furthermore,
Viromer RED provided robust EGFP expression, as well as significant
indel formation, even at low RNP amounts using 2 mL transfection
volumes in vitro (Figures S9D and S9E). However, subretinal injec-
tion of Viromer RED-based complexes in C57BL/6J mice did not
generate detectable indels in FACS-isolated RPE cells (data not
shown). Instead, the FACS analysis revealed autofluorescence
following injection of transfection reagent only without RNPs and
EGFP mRNA (Figure S9F). Autofluorescence was not observed in
RPE cells from non-injected mice or mice injected with LF3000 trans-
fection reagent only (Figure S9F).

DISCUSSION
In a previous study, we demonstrated CRISPR/Cas9-mediated indel
formation in the Vegfa gene in murine RPE cells following subretinal
injection of all-in-one LV vectors encoding SpCas9, EGFP, and
sgRNAs, including sgRNA1, designed to target exon 3.21 Several other
studies have used AAV for Cas9-based retinal genome edit-
ing,15,16,18,34,35 whereas nonviral RNP delivery has been scarcely stud-
ied.17 In the present study, we show: (1) increased indel formation
in vitro using chemically msgRNAs delivered by electroporation;
(2) robust indel formation and EGFP expression in vitro induced
by LF3000 lipoplexes containing RNP and EGFP mRNA; (3) effica-
cious functional knockout of VEGFA protein using chemically
Figure 8. In Vivo Indel Assessment and EGFP Expression Analysis following Su

Subretinal injection of C57BL/6J mice with LF3000 lipoplexes containing 100 ng EGFP

8,000 ng Cas9 RNP formulated in 2 mL. (A) Overall timeline of in vivo evaluation of inde

isolated EGFP+ RPE cells were sorted using fluorescence activated cell sorting (FACS).

OCT imaging analysis confirmed delivery of RNP lipoplexes to the subretinal space. (D

isolated RPE cells were pooled within each group and subjected to FACS analysis, duri

doublets, (3) excluded due to SSC doublets, and (4) isolated according to EGFP levels. G

mice injected with 0, 3.3, or 8 mg Cas9 RNP, all combined with 100 ng EGFP mRNA. N

EGFP+ RPE cells from mice injected with increasing amounts of Cas9 RNP (0–8,000 n

results were analyzed by TIDE. (F) Graphical illustration of aberrant sequences beginnin

columns). No aberrant sequences were observed in mice injected with non-targeting irre

the blue line. (G) FACS analysis of RPE cells isolated from animals injected with 100 ng

contralateral eyes were included as CTRL. Analysis of fluorescence in detectors besid

phycoerythrin (PE), PE-Cy5 (cyanine5), peridinin chlorophyll protein complex (PerCP), a

evaluation of the EGFP+ RPE cells following subretinal delivery of Cas9 RNP lipoplexes,

and either 0 ng Cas9 RNP (K and N), 300 ng Cas9 RNP containing msgRNA1 (L), 1,650

(O–Q and U), or 3,300 ng Cas9 RNP containing msgRNA-Irr (R–T) were subretinally de

(H–J). Five days post-injection, wholemounts were prepared and analyzed by fluoresc

unspecific autofluorescence in the Texas Red-X (TRX) filter (H, O, and R). (J), (Q), and

represent highermagnification of (K) and (P) as indicated by the pink squares, respectivel

(see Figure S4). All images are presented in Figures S6 and S7. Scale bars, 50 mm (H–
msgRNA1 at low Cas9 RNP levels compatible with murine subretinal
injection; (4) undetectable off-target activity using both msgRNA1
and sgRNA1; (5) up to 6% indel formation in FACS-isolated
EGFP+ RPE cells following subretinal delivery of lipoplexes contain-
ing RNP with msgRNA1 and EGFP mRNA; and (6) reduced EGFP
expression in vitro and increased autofluorescence in RPE cells in vivo
as sign of toxicity following delivery of lipoplexes containing high
amounts of RNP. These data collectively demonstrate the feasibility
of using synthetic msgRNAs, albeit with varying efficacy, as guides
for in vivo RNP-mediated gene knockout.

In our validation and comparison of sgRNAs, we delivered RNPs by
electroporation, which is an efficient delivery method for in vitro
target validation.36 With 96% indel frequency based on TIDE anal-
ysis, msgRNA demonstrated remarkable efficacy. Similarly, high indel
frequencies of >90% have been reported in previous studies using
electroporation to deliver Cas9 RNP with chemically msgRNAs.37

Notably, indel frequencies may even approach 100%, because in
two out of three samples using msgRNA1, the TIDE software did
not identify any wild-type VEGFA alleles. Overall, our study demon-
strates that msgRNAs significantly outperformed unmodified
sgRNAs as part of pre-complexed, electroporated RNPs.

Because our ultimate aim was to achieve in vivo RNP delivery, it was
essential to optimize lipoplex formation in vitro. To validate lipoplex
formation and demonstrate efficient delivery, we transfected HEK293
cells with lipoplexes containing Cas9 RNP and EGFP mRNA. Our
data demonstrated highly efficacious lipoplex delivery of EGFP
mRNA and RNPs guided by msgRNA. Interestingly, 500 ng Cas9
RNP generated indels in 58% and 42% of analyzed alleles using
LF2000 and LF3000, exceeding the 30%–50% indel formation demon-
strated by Yu et al.26 targeting HEK293 cells with an equal amount of
RNP consisting of Cas9 complexed with unmodified sgRNAs.
Another study utilized Lipofectamine RNAiMAX or LF3000 to target
bretinal Injection of RNP Lipoplexes

mRNA combined with 0, 150, 300, 500, 1,000, 1,650, 2,000, 3,300, 4,000, and

l formation. Four days post-injection, mice were euthanized, retinas dissected, and

(B) Optical coherence tomography (OCT) imaging analysis of non-injected eye. (C)

) FACS analysis of selected samples used for discriminating EGFP+ RPE cells. All

ng which the cells were: (1) identified due to FSC and SSC, (2) excluded due to FSC

ating of the EGFP+ RPE cells is presented in Figure S5. Samples were isolated from

on-injected contralateral eyes were used as CTRL. (E) Genomic DNA isolated from

g) was used as a template for PCR amplification prior to sequencing. Sequencing

g at the expected cut site obtained from mice injected with 3.3 mg Cas9 RNP (green

levant sgRNAs (CTRL sample, black columns). The expected cut site is indicated by

EGFP mRNA or 100 ng EGFP mRNA combined with 8 mg Cas9 RNP. Non-injected

e the EGFP detector revealed increased non-specific median fluorescence in the

nd allophycocyanin (APC) channels with the addition of 8 mg Cas9 RNP. (H–U) For

injected C57BL/6J mice were divided into four groups (n = 3): 100 ng EGFP mRNA

ng Cas9 RNP containing msgRNA1 (M), 3,300 ng Cas9 RNP containing msgRNA1

livered by LF3000 lipoplexes. Non-injected contralateral eyes were used as CTRL

ence microscopy for EGFP expression in the GFP filter (I, K–N, P, S, and U) and

(T) are mergers of (H) and (I), (O) and (P), and (R) and (S), respectively. (N) and (U)

y. Efficacy of the injected lipoplexes was evaluated for indel formation in HEK293 cells

M and O–T); 20 mm (N and U). *Injection bleb. SR, subretinal.
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HEK293 cells with maximal efficacy of 51% indel formation using
RNPs guided by sgRNAs.38 Thus, utilizing msgRNAs at standard
transfection conditions increased efficacy. To evaluate conditions
relevant for in vivo subretinal administration, lipoplexes were formed
in 2 mL volumes, resulting in peak indel formation of 29% (2,000 ng
Cas9 RNP) and 37% (3,000 ng Cas9 RNP) using LF2000 and LF3000,
respectively. Besides significant indel formation, EGFP expression
was evident in the transfected cells, although diminished EGFP inten-
sity, and to some extent reduced number of EGFP+ cells, was observed
as a result of increasing the amount of Cas9 RNP in the lipoplexes,
especially when applying high levels of RNP. Notably, this trend
was sgRNA independent. To our knowledge, the tradeoff between
EGFP expression from mRNA and the amount of Cas9 RNPs formu-
lated in lipoplexes has not been studied previously.

To further explore the performance of msgRNA1 in human cells, we
turned to a Flip-In HEK293 cell line encoding VEGFA from a
genomic locus. We observed almost complete elimination of VEGFA
production after delivery of 125 ng Cas9 RNP containing msgRNA1,
compared with cells receiving RNPs with msgRNA-Irr. This demon-
strates that delivery of RNPs results in efficacious functional knockout
and is consistent with the robust indel formation of the VEGFA gene
obtained in cells treated with msgRNA1. A similar effect on the
VEGFA level was observed in cells receiving increased amounts of
RNPs. A minor reduction in the VEGFA level was observed in cells
receiving msgRNA-Irr, compared with the cells not receiving RNPs,
which possibly reflects toxicity introduced by delivery of RNPs by
LF3000. Notably, as little as 25 ng Cas9 RNP containing msgRNA1
almost abolished VEGFA production. A similar effect was observed
following delivery of 25 ng Cas9 RNP containing unmodified
sgRNA1. However, our data suggest that modification of sgRNA1
tends to have higher functional knockout of VEGFA compared
with unmodified sgRNA. It should also be noted that higher indel fre-
quencies were observed in the HEK293-VEGFA cells compared with
transfected HEK293. This observation most likely reflects that a 5-
fold lower number of HEK293-VEGFA cells was used. Another expla-
nation could be higher accessibility of the VEGFA locus in the
HEK293-VEGFA cells compared with the endogenous VEGFA in
HEK293 cells. Because delivery of even small amounts of RNP results
in efficacious functional knockout, we did not observe a direct corre-
lation between the indel rate formation and the efficiency in suppress-
ing the expression of VEGFA.

Robust in vitro indel formation and pronounced functional efficacy
following lipoplex-based RNP delivery stimulated us to explore
whether this strategy could also be applied for in vivo targeting of
Vegfa. As demonstrated in several previous studies, EGFP expression
allows FACS-based isolation of treated cells.19,21,22,35 By subretinal in-
jection of lipoplexes containing EGFP mRNA and 150–8,000 ng Cas9
RNP formulated in 2 mL, we were able to achieve indel formation of
6% in the EGFP+ RPE cells isolated by FACS. The indel formation fre-
quency peaked at 3,300 ng Cas9 RNP, which is similar to the in vitro
peak efficacy at 3,000 ng. This is the first demonstration of retinal in-
del formation using RNPs guided by msgRNAs. In vivo delivery of
202 Molecular Therapy Vol. 29 No 1 January 2021
preformed RNPs is a relatively new concept, and to our knowledge,
only one previous study has tested the indel efficacy of retinal RNP
delivery.17 In the study by Kim et al.,17 LF2000 was used to deliver
RNPs containing 8 mg Cas9 protein with in-vitro-transcribed sgRNA
targeting Vegfa.17 In addition, both functional and genomic knockout
was demonstrated with 25% indel formation in RPE cells, which
might be comparable with the present findings considering the
3-fold difference in the applied RNP amounts. Another important
difference between the study by Kim et al.17 and the present study
is the addition of EGFP mRNA and FACS-based isolation of
EGFP+ RPE cells. In the paper by Kim et al.,17 genomic knockout
was observed in RPE cells isolated from the injected area.

Notably, indel formation was observed in EGFP+ RPE cells isolated
from retinas injected with lipoplexes carrying 1,650 and 3,300 ng
Cas9 RNP. However, indels could not be detected in a relatively
high number of injected animals. This could reflect: (1) that no
changes were introduced in Vegfa, (2) that the indel formation fre-
quency was under the detection level, or (3) that autofluorescence
occurred as a result of apoptosis in RPE cells caused by the injection
or the presence of immune cells in the retina (or some combination of
these factors).

Lipoplexes containing EGFP mRNA and 3,300 ng Cas9 RNP induced
indels in EGFP+ RPE cells. However, retinal wholemounts demon-
strated a different RPE cell phenotype compared with animals
receiving lower RNP amounts. The characteristic hexagonal structure
of RPE cells observed in retinas injected with lipoplexes containing
EGFP mRNA was not observed when Cas9 RNP containing
msgRNA1 ormsgRNA-Irr was included. Instead, the cells were highly
fluorescent in EGFP, TRX, and DAPI filters and contained numerous
small circular structures. The change in phenotype could therefore
reflect either altered cell function based on gene knockout or toxicity
caused by the injection of lipoplexes.

Knockout or truncation of Vegfa may result in cellular stress and
altered health. Hence if indels caused the phenotypical change, on-
target indel formation is considered to be the most likely event. How-
ever, this notion is not supported by our previous studies using LV-
based delivery of sgRNAs, including sgRNA1, targeting Vegfa.21

Although off-target cleavage also can be detrimental to cellular health,
it is unlikely to cause a relatively homogeneous pattern in multiple
cells. This is supported by the fact that for the top three predicted
sites, we observed near-background off-target activity for msgRNA1,
despite detecting high levels of on-target activity of msgRNA1.

We also observed that the msgRNA1 and sgRNA1 did not demon-
strate detectable off-target activity at three predicted off-target sites
based on Sanger sequencing. The observed discrepancy between the
off-target indel frequencies obtained by TIDE and ICE analysis is
most likely due to lack of sensitivity, and this notion is substantiated
by the 0% indel scores obtained from all analyzed off-target samples
using ICE. In addition, a small increase of unspecific indel scores was
also obtained by TIDE analysis compared with ICE analysis in the
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HEK293 cells. NGS-based off-target detection analysis of indels below
1%may resolve this issue. The presented data are supported by recent
findings showing that chemically msgRNAs targeting, e.g., IL2RG and
HBB sites tend to have lower off-target activity, although with variable
impact, suggesting that the sequence of the sgRNA and likely also
other elements, including delivery system, cell type, and the applied
methodology, seem to play a role.28 In addition, transient Cas9
expression by nanoparticle-based mRNA delivery was shown to sub-
stantially reduce off-targeting in cells compared with long-term LV-
based Cas9 expression emphasizing the potential of strategies relying
on nonviral delivery of short-lived nuclease activity.39

Because autofluorescence was observed in wholemounts from ani-
mals receiving RNPs containing msgRNA-Irr, whereas wholemounts
from untreated animals display only autofluorescence to a very low
extent, our findings collectively suggest that induction of the observed
phenotypic changes in vivo is independent of the msgRNA delivered
to the RPE cells.

As an alternative to on- and off-targeting effects as an explanation for
the observed in vivo phenotypic alterations, lipoplex delivery could
affect the cells by two mechanisms. First, because the phenotype pre-
sents with high Cas9 RNP levels, toxicity resulting in autofluores-
cence, and hence low indel rates, could be caused by the increased
level of Cas9 RNP delivered into the cells. In vitro, increasing amounts
of RNP clearly reduce EGFP expression in HEK293 cells. In compar-
ison, increased signals were revealed by the GFP detector in RPE cells
from mice injected with increasing amounts of RNP. Additionally,
RPE cells of wholemounts from eyes treated with EGFP mRNA,
but without RNP, are green, resulting in approximately 2.5%
EGFP+ cells. Hence one could argue that at least 1.5% (EGFP minus
CTRL; Figure 8D) of the obtained EGFP+ RPE cells represent a “true
EGFP signal,” whereas a part of the detected signals above this limit
could potentially represent autofluorescence. Second, increased
Cas9 RNP could alter the preparation of lipoplexes. The decline of
EGFP+ cells may possibly be supported by competition between
EGFP mRNA and Cas9 RNP during lipoplex formation, resulting
in less EGFP mRNA packaged into lipoplexes. Additionally, at a
certain amount of Cas9 RNP, lipoplexes cannot contain all of the
available EGFP mRNA and Cas9 RNP. Instead, excess EGFP
mRNA and Cas9 RNP would be co-injected with the lipoplexes,
possibly resulting in an immune response caused by injection of
naked mRNA and Cas9 protein. Likewise, a surplus of msgRNA
from RNP complexation could participate in the initiation of an im-
mune response. Because the retina is a sensitive tissue, the transfec-
tion reagent itself might also harm cells in the vicinity of the injection
site, leading to autofluorescence. However, because no visible changes
in the RPE phenotype were observed in retinas receiving only EGFP
mRNA and LF3000, the transfection reagent or the injection itself do
not seem to introduce inflammation or other forms of damage in the
current setup.

In this context, it should be mentioned that signs of transfection-re-
agent-induced toxicity were observed using the Viromer RED trans-
fection reagent as an alternative to LF3000. Even though Viromer
RED-based delivery resulted in robust indel formation in HEK293
cells using preformed RNPs containing msgRNA1–3, thereby con-
firming our previous findings, subretinal injection of Viromer
RED-based complexes in C57BL/6J mice did not generate detectable
indels in isolated RPE cells. Instead, FACS analysis using the EGFP
detector revealed autofluorescence following injection of Viromer
RED without RNPs or EGFP mRNA, suggesting that the transfection
reagent might induce toxicity.

Taken together, including the short time frame between RNP delivery
and isolation of RPE cells, as well as the results obtained from the
wholemounts, we believe that the apparent low in vivo indel forma-
tion frequency in the EGFP+ RPE cells most likely is explained by
toxicity induced by the highly concentrated RNP solution delivered
to the subretinal space. Despite robust indel formation and pro-
nounced functional knockout effects in vitro, our findings further
address the delivery challenge of efficacious clinical genome knockout
approaches, which continues to be a severe challenge for clinical
translation of genome-editing therapies.3

For the first time, we demonstrate RNP-mediated indel formation in
the Vegfa gene in vivo using chemically msgRNAs. Additionally,
complexation of such msgRNAs with SpCas9 in RNPs induces higher
indel frequencies in vitro by lipoplex delivery compared with unmod-
ified sgRNAs. Even though further studies are needed to optimize ve-
hicles that can deliver Cas9 RNP and transiently induce genome sur-
gery in the retina, the present findings suggest that RNP-based
delivery of targeted gene-disrupting agents in vivo is a potential strat-
egy for future treatment of acquired or autosomal dominant inherited
retinal diseases, such as age-related macular degeneration and reti-
nitis pigmentosa.

MATERIALS AND METHODS
Design of Synthetic sgRNAs

sgRNAs were designed to target the Vegfa gene utilizing the SpCas9.
Because we intended to validate efficacy in human cells, and ultimately
target murine RPE cells, a 32-bp homologous region was identified to
target both human and murine Vegfa. Three Vegfa targeting sgRNAs
were designed: sgRNA1, 50-CUCCUGGAAGAUGUCCACCA-30;
sgRNA2, 50-ACUCCUGGAAGAUGUCCACC-30; and sgRNA3, 50-
GACCCUGGUGGACAUCUUCC-30. The designed sgRNAs were
evaluated by the online design tool CRISPRko for on-target efficacy
(sgRNA1 > sgRNA2 > sgRNA3). Of note, sgRNA1 in the present study
is identical to sgRNA3 used in our previous study.21 A non-targeting
sgRNA, designated sgRNA-Irr, was used as control: sgRNA-Irr, 50-
ACGGAGGCUAAGCGUCGCAA-30. Synthetic sgRNAs, with an 80-
mer SpCas9 scaffold, were ordered from Synthego (Menlo Park, CA,
USA) with or without 20O-methyl-30phosphorothiate modifications
of the first and last three nucleotides.

Cell Culture and RNP Complexation

K562 (CLL-243; ATCC) cells were maintained in RPMI 1640medium
(Lonza, Basel, Schweiz). HEK293 (CRL-1573; ATCC) cells were
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maintained in DMEM (Lonza). Both cell types were supplemented
with 10% fetal calf serum (Sigma-Aldrich, Broendby, Denmark),
0.29 mg/mL glutamine (Sigma-Aldrich), 0.06 mg/mL penicillin
(FarmaPlus, Oslo, Norway), and 0.1 mg/mL streptomycin (Sigma-Al-
drich). Cells were cultured in tissue culture flasks and 6-, 12-, and 24-
well plates (Sarstedt, Nürnbrecht, Germany) at 37�C with 5% (v/v)
CO2. RNP complexes were formed by mixing SpCas9 protein (Inte-
grated DNA Technologies, Leuven, Belgium) and sgRNAs (Synthego)
in a 2:1 mass ratio (1:2.5 molar ratio) in a PCR tube that was placed in
a thermocycler for 15 min at 25�C.

Stable VEGFA-Expressing Cell Line

The human VEGFA sequence was cloned from pVax1-hVEGF165 (a
gift from Dr. Loree Heller, plasmid #74466; Addgene),40 into the FRT
site of the pcDNA5/FRT expression vector containing a cytomegalo-
virus (CMV) promoter (Thermo Fisher Scientific, Hvidovre,
Denmark) using BamHI and NotI (Thermo Fisher Scientific). Flip-
In HEK293 cells (Thermo Fisher Scientific) were cotransfected with
the pcDNA5/FRT-VEGFA construct and the pOG44 vector encoding
the Flp recombinase. This recombinase catalyzes the homologous
recombination between the FRT sites of the Flp expression vector
and the genome of the Flp expression cell. Cotransfection and subse-
quent selection of cells through hygromycin and zeocin resistance
genes were performed following the supplier’s recommendations,
and cells were seeded at a density of 0.5 cell/well in a 96-well plate
in order to isolate a cell line of single-cell origin. Stable expression
of VEGFA was evaluated by immunostaining and western blotting
(data not shown) as previously shown.21,41 Stable VEGFA-expressing
HEK293 cells are designated HEK293-VEGFA. HEK293-VEGFA
cells were maintained in DMEM (Lonza) supplemented with 10%
fetal calf serum (Sigma-Aldrich, Broendby, Denmark), 0.29 mg/mL
glutamine (Sigma-Aldrich), 0.06 mg/mL penicillin (FarmaPlus,
Oslo, Norway), and 0.1 mg/mL streptomycin (Sigma-Aldrich).

Electroporation and Transfection

For efficient in vitro target validation of modified and unmodified
sgRNAs, RNPs were delivered to K562 cells by electroporation for
transfection reagent independent analysis.36 Approximately 2 � 105

K562 cells were electroporated on the 4D-Nucleofector system
(Lonza) with OptiMEM (Thermo Fisher Scientific) as the electropo-
ration buffer. A total of 3 mg SpCas9 protein (Integrated DNA Tech-
nologies) and 1.5 mg sgRNA or msgRNA were complexed and mixed
with K562 cells in Nucleocuvette strips (Lonza). Electroporation with
2 mg EGFP mRNA (TriLink Biotechnologies, San Diego, CA, USA)
was used as control. Following the addition of preheated RPMI
1640 growth medium, cells were grown in 24-well plates for 2 days.
Prior to transfection, complexed RNPs were mixed with EGFP
mRNA and either OptiMEM (Lonza) or Hank’s balanced salt solution
(HBSS; Sigma-Aldrich). OptiMEM was used for initial HEK293
transfection of sgRNA1–3, whereas HBSS was used for titration of
Cas9 RNPs. Approximately 2 � 104 or 1 � 105 HEK293 cells were
seeded and transfected the following day using LF2000 (Thermo
Fisher Scientific) or LF3000 (Thermo Fisher Scientific) according to
the manufacturer’s protocol. In brief, the RNP-EGFP solution was
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transferred to Lipofectamine combined with either HBSS or Opti-
MEM and incubated at room temperature (RT) for 5 min. In some
experiments (shown in Figures S9A–S9E), RNP delivery was per-
formed using the Viromer RED transfection reagent (LabLife Nordic,
Danderyd, Sweden) according to the manufacturer’s guidelines. In
summary, 10% (v/v) Viromer RED was used for delivery of 250 ng
EGFP mRNA combined with either 1.5 mg Cas9 RNP or 500 ng
Cas9 mRNA and 750 ng msgRNA. A total of 50 mL transfection vol-
ume was used for in vitro validation, while 2 mL was used for both
in vitro validation and in vivo subretinal injections. In the 2 mL trans-
fection mixes, 20% (v/v) Lipofectamine or 10% (v/v) Viromer RED
was used. RNPs contained either sgRNA1–3, msgRNA1–3, or
msgRNA-Irr. Transfection efficacy was evaluated based on EGFP
expression using either a Leica DM IRBE fluorescence microscope
(Leica Microsystems, Wetzlar, Germany) and images captured with
a Leica DFC 320 camera, or a Olympus IX83 microscope (Olympus,
Ballerup, Denmark), with a �10 air objective, bandpass filter for
Alexa Fluor 488, and a Hamamatsu camera (C8484-05G).

Quantification of EGFP Signals

Quantitative image acquisition of EGFP signals was conducted either
by flow cytometry (Figures 2 and 4) or area intensity analysis (Figures
5 and S10). For flow cytometry, transfected HEK293 cells were
washed in PBS with 0.3 mM EDTA, trypsinized, and centrifuged at
350� g for 3 min at 4�C. Trypsin was removed and cells resuspended
in 80 mL PBS with 1% BSA and 0.5 mL propidium iodide (1 mg/mL)
and transferred to a 96-well plate for analysis. Data were acquired on a
NovoCyte flow cytometer (ACEA Biosciences, San Diego, FL, USA)
by collecting 2.5 � 104 cells. NovoExpress software (v.1.4.1; ACEA
Biosciences) was used for acquisition, and FlowJo software
(v.10.6.1; Ashland, OR, USA) was used for data analysis of EGFP sig-
nals. The detailed gating strategy is presented in Figures 2 and 4. Cells
were initially separated using forward scatter (FSC) and side scatter
(SSC), and FSC doublets were excluded prior to identification of
EGFP. The number of dead cells was identified by propidium iodide
staining.

Area intensity analysis was performed by using the Olympus cellSens
Dimension software (v.2.19). Background subtraction was performed
first, because the segmentation process requires locally homogeneous
intensities. Segmentation was performed using a manual threshold
model identifying two phases, “all cells” (low-high intensity fluores-
cence based on autofluorescence and EGFP+ cells) and “EGFP+ cells”
(high-intensity only), respectively. The manual thresholds were
applied similarly for all quantifications. The ratio of segmented
phases (in %) represents the EGFP+ cells. In Figure S10, a representa-
tive phase contrast image is shown together with the EGFP images
and the resulting segmented images of EGFP+ cells, as well as all cells
to visually verify the estimation of the “all cells” phase.

Indel Analysis by TIDE and ICE

DNeasy Blood and Tissue Kit (QIAGEN, Hilden, Germany) was
applied for gDNA isolation from electroporated K562 or transfected
HEK293 cells following the manufacturer’s protocol. QIAamp DNA
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Micro Kit (QIAGEN) was used to isolate gDNA from FACS isolated
EGFP+ RPE cells. gDNA was quantified using a NanoDrop One spec-
trophotometer (Thermo Fisher Scientific) prior to PCR amplification
using the Phusion High-Fidelity DNA Polymerase (Thermo Fisher
Scientific). Primers used for amplification of the human VEGFA
exon 3 were 50-CATACTCAGACTGTCCTCTG-30 and 50-GAAT-
GAAGCATCTTCTCCAC-30. Primers for amplification of the mu-
rine Vegfa exon 3 were 50-AGAGCTTCGGCAGGGAAGTACA-30

and 50-TATTTGATGAGTGGCTGTTGGCCT-30. In the case of the
HEK293-VEGFA cells 50-CTCCACCATGCCAAGTGGTC-30 and
50-CCTCGGCTTGTCACATCTGC-30 primers were used to selec-
tively amplify human VEGFA located in the FRT site. PCR products
were purified by gel electrophoresis using MinElute Gel Extraction
Kit (QIAGEN) and subsequently sequenced (Eurofins Genomics,
Ebersberg, Germany). Sequence results were applied for TIDE anal-
ysis (http://shinyapps.datacurators.nl/tide/) and ICE (https://www.
synthego.com/) for quantification of indels as previously described.21

In brief, the indel frequencies were assessed by comparing the samples
receiving editing sgRNAs (unmodified or modified) with the corre-
sponding control samples treated with non-targeting irrelevant
sgRNAs.

Functional Knockout: Assessment of the VEGFA Protein Level

by Western Blotting following RNP Delivery

Western blot analysis was performed on media samples from
HEK293-VEGFA cells transfected with 0, 25, 75, 125, 250, or
500 ng Cas9 RNP containing either msgRNA1 or msgRNA-Irr and
100 ng EGFP mRNA. Three days post-transfection, media from three
replica samples were harvested and pooled. Media were filtered
(0.22 mm), and 40 mL was used for western blotting as previously
described with the following modifications.21 Cell medium samples
were electrophoresed on a Mini-PROTEAN TGX 4%–15% Stain-
Free precast gel (Bio-Rad, Copenhagen, Denmark). Membranes
were incubated with rabbit anti-VEGF antibody (ab46154; Abcam,
Cambridge, UK) overnight or for 2 days at 4�C in a concentration
of 1:2,000 in Tris-buffered saline, 0.1% Tween 20 (TBS-T). Mem-
branes were then washed three times in TBS-T and subsequently
incubated with horseradish peroxidase-conjugated goat anti-rabbit
(Dako; Agilent Technologies, Santa Clara, CA, USA) for 1 h at RT.
Bound antibodies were visualized with Clarity Western ECL Blotting
substrate (Bio-Rad) on a ChemiDoc digital imaging system (Bio-
Rad). Quantification of VEGFA was performed using the Image
Lab 6.0.1 software (Bio-Rad).

Off-Target Activity

Predicted off-target sites were identified using the online Benchling’s
CRISPR prediction tool (https://www.benchling.com/), and the top
three off-targets were analyzed. Following electroporation of approx-
imately 2 � 105 K562 cells with 3 mg SpCas9 protein complexed with
1.5 mg msgRNA1 or sgRNA1, indel analysis was performed essentially
as described above, including gDNA isolation, PCR amplification,
sequencing, TIDE, and ICE analysis. Primers used for amplification
of the top three off-target sites were: off-target site 1, 50-CCAGAG
AGCTGATTATCCCTTTT-30 and 50-ACGATCACTGGACACTTG
AAACC-30; off-target site 2, 50-TGGTGAAGAAAACGCTAAGG
CTA-30 and 50-TGTTCTAGCCATATTTCTTCCTG-30; and off-
target site 3, 50-CTTTATTCATATTAACCTATTAT-30 and 50-CTCT
GCAACTGAAAAGTCTTAT-30.

Animals

All animal experiments were approved by the Danish Animal Inspec-
torate (Case #2016-15-0201-00947). Male C57BL/6J mice, 8–9 weeks
of age, were purchased at Janvier Labs (Le Genest-Saint-Isle, France).
Mice were kept at a 12-h/12-h light/dark cycle at the Animal Facilities,
Department of Biomedicine, Aarhus University. Medetomidine hy-
drochloride 0.5–1 mg/kg (Cepetor; ScanVet Animal Health, Fredens-
borg, Denmark) and ketamine 60–100 mg/kg (Ketador, Richer
Pharma, Wels, Austria) were combined for anesthesia during subre-
tinal injections and fundoscopy. A drop of 1% tropicamide solution
(Mydriacy, Alcon Nordic, Copenhagen, Denmark) was used for pupil
dilation. A carbomer eye gel (2 mg/g, Viscotears; Alcon Nordic) was
used to lubricate the eyes during subretinal injections and fundo-
scopy. Atipamezole hydrochloride 0.5–1 mg/kg (Antisedan, Orion
Pharma, Espoo, Finland) was used to bring mice out of sedation.
Mice were kept warm until mobile, before being transferred back
into their cages. To ensure adequate analgesia, mice received subcu-
taneous injections of the nonsteroidal antiinflammatory drug carpro-
fen 5 mg/kg (Norodyl; ScanVeg Animal Health) 24 h prior to and
immediately after subretinal injection. As well, mice were treated
with carprofen 5 mg/150 mL via their drinking water from 1 day
before the subretinal injections until 3 days after.

Subretinal Injections

C57BL/6J male mice, 8–9 weeks of age, were used for subretinal injec-
tions. For wholemounts, mice were divided into groups of three mice.
Mice were injected with LF3000 lipoplexes containing either
increasing amounts of EGFP mRNA or increasing amounts of RNP
(containing either msgRNA1 or msgRNA-Irr) combined with
EGFP mRNA in 2 mL. For FACS analysis, mice were divided into
groups of 5–10 mice injected with 0 ng (n = 10), 150 ng (n = 10),
300 ng (n = 10), 500 ng (n = 5), 1,000 ng (n = 5), 1,650 ng (n = 5),
2,000 ng (n = 5), 3,300 ng (n = 5), 4,000 ng (n = 5), and 8,000 ng
(n = 5) Cas9 RNP, all combined with 100 ng EGFP mRNA. Non-in-
jected contralateral eyes were used as control. In some experiments
(shown in Figure S9F) mice were injected with Viromer RED lipo-
plexes containing either 349 ng Cas9 RNP with 58 ng EGFP mRNA
(n = 5), 1,500 ng Cas9 RNP with 250 ng EGFP mRNA (n = 5),
1,650 ng Cas9 RNP and 100 ng EGFP mRNA (n = 10), or 3,300 ng
Cas9 RNP and 100 ng EGFP mRNA (n = 10). RNPs contained either
msgRNA1 or msgRNA-Irr. Non-injected contralateral eyes and eyes
injected with only the transfection reagent were used as controls.
Injections were performed using an OPMI 1 FR PRO Surgical micro-
scope (Zeiss, Jena, Germany) as previously described.42,43

Optical Coherence Tomography

To validate the quality and location of the subretinal injections, we
analyzed retinas 5 min after injection using a commercial imaging
device for rodents, the OCT2 integrated with the Micron IV retinal
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imaging microscope system and the accompanying Reveal software
(all from Phoenix Research Labs, Pleasanton, CA, USA). In brief, in-
jected mice were positioned on the mouse stage, and following fundus
imaging, the OCT2 device was used to obtain cross-sectional b-scans
of treated animals. Images of retinal detachments were made by a hor-
izontal OCT scan through the center of the bleb guided by real-time
fundus view, and the best image quality was obtained with at least 20
averaged automatic real-time images. Motion artifacts were mini-
mized by imaging in contact with the cornea and real-time eye
tracking in the device software.

Retinal Dissection, Wholemounts, and FACS

Mice were euthanized by cervical dislocation. For histological analysis
of wholemounts, eyes were prepared as previously described.44 In
brief, eyes were enucleated, cleaned, and fixed in fresh 4% paraformal-
dehyde for 2 h at RT. The cornea, lens, and neuroretina were
removed. Eight incisions from the periphery to the optic nerve
enabled flat mounting of the tissue with the RPE cells facing upward
on a glass slide. For FACS analysis, the enucleated eyes were cleansed
and placed in 1% trypsin (Sigma-Aldrich) for 1 h at 37�C. Cells were
rinsed off the eyecup using a syringe and a 27-gauge needle with
HBSS. The resulting single-cell solution was sorted on a FACSAria
III high-speed cell sorter (BD Biosciences, San Jose, CA, USA) using
the GFP detector. Cells were initially separated using FSC and SSC as
indicated in Figure S5. FSC and SSC doublets were excluded prior to
sorting of cells according to detected GFP levels. No cell-specific
marker proteins were utilized.

Statistical Analysis

Data analysis was performed by using GraphPad Prism software v.8
or Microsoft Excel software v.16.38. Data are presented as mean ±

SD, and statistical differences between two groups were evaluated us-
ing Student’s t test and one-way ANOVAs formultiple comparison. A
p value <0.05 was considered statistically significant.
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