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Introduction

An engineered exosome for delivering sgRNA:Cas9
ribonucleoprotein complex and genome editing in
recipient cells}

Yangyang Ye,i Xiang Zhang, i Fei Xie, Bin Xu, Ping Xie, Ting Yang, Qian Shi, 7
Chen-Yu Zhang, Yujing Zhang, Jiangning Chen,* Xiaohong Jiang* and Jing Li (iDk4

CRISPR-Cas9 is a versatile genome-editing technology that is a promising gene therapy tactic. However,
the delivery of CRISPR-Cas9 is still a major obstacle to its broader clinical application. Here, we confirm
that the components of CRISPR-Cas9—sgRNA and Cas9 protein—can be packaged into exosomes,
where sgRNA and Cas9 protein exist as a sgRNA:Cas9 ribonucleoprotein complex. Although exosomal
CRISPR-Cas9 components can be delivered into recipient cells, they are not adequate to abrogate the
target gene in recipient cells. To solve this, we engineered a functionalized exosome (M-CRISPR-Cas9
exosome) that could encapsulate CRISPR-Cas9 components more efficiently. To improve the loading
efficiency of Cas9 proteins into exosomes, we artificially engineered exosomes by fusing GFP and GFP
nanobody with exosomal membrane protein CD63 and Cas9 protein, respectively. Therefore, Cas9 pro-
teins could be captured selectively and efficiently loaded into exosomes due to the affinity of GFP-GFP
nanobody rather than random loading. sgRNA and Cas9 protein exist as a complex in functionalized exo-
somes and can be delivered into recipient cells. To show the function of modified exosomes-delivered
CRISPR-Cas9 components in recipient cells visually, we generated a reporter cell line (A5495©°P-PsRed) ¢t
produced a red fluorescent signal when the stop element was deleted by the sgRNA-guided endonu-

clease. Using A549stoP-DsRed

reporter cells, we showed that modified exosomes loaded with CRISPR-Cas9
components abrogated the target gene more efficiently in recipient cells. Our study reports an alternative

tactic for CRISPR-Cas9 delivery.

editing technology.”” Endonuclease Cas9 protein is guided by
single guide RNA (sgRNA) and interrogates the genome.®’

Gene therapy is a promising tactic to treat cancers or genetic
disorders. More than 3000 genes are related to disease-causing
mutations, which cannot be fixed by pharmaceutical treat-
ments." Nonetheless, the intended gene therapy effects are not
always accomplished due to the complexity of gene therapy.
CRISPR (clustered regularly-interspaced short palindromic)
and the CRISPR-associated system (Cas) are part of the adap-
tive prokaryotic immune system.>* Recently, the type II
CRISPR system has been harnessed as a versatile genome
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sgRNA:Cas9 complex binds to complementary genomic
sequence if there is a protospacer adjacent motif next to the
target sequence.'”'! Then, endonuclease Cas9 generates the
DNA double-strand breaks, resulting in an indel mutation
while the genome is being fixed by nonhomologous end-
joining"* or homology-directed repair.>'* By using custo-
mized sgRNA, Cas9 can be reprogrammed to perform site-
specific genome manipulation on intended target genes.'”
CRISPR-Cas9 has been used to generate an animal model™ as
well as to treat genetic disorders'® and cancer'” and in invad-
ing pathogen therapy.”'® However, the broader clinical use of
the CRISPR-Cas9 system has been prevented by the lack of a
feasible delivery vehicle.

To facilitate the clinical use of CRISPR-Cas9 technology to
advance gene therapy, many delivery vehicles have been
studied, of which adeno-associated virus (AAV) has attracted
the most attention. This virus efficiently integrates into the
genome of host cells and persistently expresses CRISPR-Cas9
elements in vitro or in vivo.">'® Although AAV vehicles have
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been used to generate an animal model'® and treat metabolic
disease®® in the laboratory, there are still concerns about their
clinical use, such as cell toxicity caused by the capsid,*! dysre-
gulation of the expression of CRISPR-Cas9 elements,*” and the
unexpected activation of oncogenes triggered by the insertion
of viral vectors.”?” Thus, alternative means to deliver
CRISPR-Cas9 components are still required.

Exosomes, which consist of extracellular vesicles, are a class
of double-membrane vesicles with diameters of 50-150 nm
that are released by all types of cells under both physiological
and pathological conditions.>*** Exosomes transfer small
RNAs and convey bioinformation between tissues in vivo,
serving as an  alternative  mediator of  cell-cell
communications.>>*® Exosomes could be used to transfer arti-
ficially designed siRNA to treat various diseases, including
pancreatic carcinoma® and morphine relapse.”® Given that
exosomes are naturally released from cells, they provoke little
adaptive immune response and toxicity compared with other
vesicles. Thus, these properties of exosomes may be suitable
for the clinical application of the CRISPR-Cas9 system.

Here, we confirm that CRISPR-Cas9 elements—sgRNA and
Cas9 protein—can be loaded into exosomes and transferred
into recipient cells in the sgRNA:Cas9 ribonucleoprotein (RNP)
complex. To increase the efficiency of loading, we engineered a
modified exosome by fusing the exosomal membrane protein
CD63 with GFP, which can bind to the GFP antibody (GFP
nanobody) fused with Cas9 protein.>® Because of the high
affinity of GFP protein with its nanobody, Cas9 proteins were
captured and efficiently loaded into exosomes rather than a
random package. We demonstrate proof-of-principle of a
method to deliver sgRNA:Cas9 RNP and provide an alternative
tool to achieve the clinical application of the CRISPR-Cas9
system.

Results
sgRNA and Cas9 protein can be packaged into exosomes

To investigate whether sgRNA and Cas9 protein can be sorted
into exosomes in vitro, a plasmid that encoded sgRNA and
SpCas9 from Streptococcus pyogenes was generated (Fig. 1A).
sgRNA was partitioned into CRISPR RNA (crRNA) and trans-
activating (tracrRNA). A guide sequence that was integrated in
crRNA was designed using CRISPR Design Tool (http:/zlab.
bio/guide-design-resources) and synthesized artificially. The
guide sequence was then cloned into the lentiCRISPRv2
plasmid vector containing the tracrRNA sequence (plasmid 1).
This plasmid was then transfected transiently into HEK 293T
cells (CRISPR-Cas9 cells). As expected, sgRNAs could be
detected using quantitative real-time PCR (qRT-PCR) in
CRISPR-Cas9 cells but not in cells untreated or transfected
with scrambled plasmids (Fig. 1B). Agarose gel electrophoresis
of the DNA also showed that sgRNAs specifically were detected
in CRISPR-Cas9 cells (Fig. 1C). Furthermore, mRNA levels and
protein levels of Cas9 were detected in CRISPR-Cas9 cells but
not in cells untreated or treated with scrambled plasmids
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(Fig. 1D and E). These results demonstrate that the
CRISPR-Cas9 plasmids were expressed in the cells. Next, we
investigated whether sgRNAs and Cas9 proteins can be loaded
into exosomes. Exosomes derived from untreated cells and
CRISPR-Cas9 cells were collected. The transmission electron
microscope (TEM) analysis showed that the morphology of exo-
somes derived from CRISPR-Cas9 cells was clearly discernible,
showing a double-membrane-bound structure (Fig. 1F).
Nanoparticle tracking analysis (NTA) results showed that exo-
somes derived from normal cells and CRISPR-Cas9 cells had
similar diameters, which peaked at approximately 143 =+
2.2 nm and 149 + 1.2 nm respectively (Fig. 1G). The results of
gRT-PCR and DNA agarose gel electrophoresis showed that an
abundant amount of sgRNAs were packaged into exosomes
derived from CRISPR-Cas9 cells (Fig. 1H and I). Intriguingly,
Cas9 mRNA levels in CRISPR-Cas9 exosomes could not be
detected (Fig. 1J). However, a considerable amount of Cas9
proteins were detected in CRISPR-Cas9 exosomes (Fig. 1K).
These results demonstrate sgRNA can be packaged into exo-
somes, and Cas9 protein rather than mRNA can be packaged
into exosomes preferentially.

CRISPR-Cas9 components exist in exosomes as the sgRNA:
Cas9 ribonucleoprotein complex

To investigate whether exosomal CRISPR-Cas9 components
function in recipient cells, we examined whether the sgRNAs
were physically associated with Cas9 proteins in exosomes.
Cells were transfected with plasmids (plasmid 2) expressing
sgRNAs and FLAG-tagged Cas9 proteins (CRISPR-Cas9-FLAG
cells) (Fig. 2A). RNA-immunoprecipitation assays were per-
formed with antibodies raised against FLAG or IgG followed by
western blotting analysis with FLAG antibody. In the whole-
cell lysates of untreated cells, FLAG-tagged Cas9 proteins were
not detected, whereas a considerable level of FLAG-tagged
Cas9 proteins was detected in CRISPR-Cas9-FLAG cells
(Fig. 2B, input). Furthermore, FLAG-tagged Cas9 could be
pulled down using the FLAG antibody (Fig. 2B, IP) and
qRT-PCR analysis showed sgRNAs were detected in the eluted
immunoprecipitants using the FLAG antibody, demonstrating
Cas9 proteins and sgRNAs were associated in cells (Fig. 2C).
These results confirmed that CRISPR-Cas9 components were
expressed in exosomes donor cells and formed a sgRNA:Cas9
RNP complex. Next, the interaction of sgRNA and Cas9 protein
was assayed in the exosomes. The FLAG-tagged Cas9 proteins
were detected in lysates of the exosomes derived from
CRISPR-Cas9-FLAG cells (Fig. 2D, input). In the immunopreci-
pitants of CRISPR-Cas9-FLAG exosomes, FLAG-tagged Cas9
was clearly detected with the FLAG antibody but not with the
IgG antibody or in untreated cells (Fig. 2D, IP). qRT-PCR was
preformed to determine the sgRNA levels in immunoprecipi-
tants. sgRNA levels were clearly detected in the immunopreci-
pitants of CRISPR-Cas9-FLAG exosomes co-immunoprecipi-
tated with the FLAG antibody (Fig. 2E). These results demon-
strate that sgRNA and Cas9 existed in exosomes as an RNP
complex.
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Fig. 1 A. Schematic of LentiCRISPR-sgRNA1-Cas9 vector (plasmid 1) design. B. qRT-PCR analysis of sgRNA concentrations in cells untreated or
transfected with scrambled or CRISPR-Cas9 plasmids. C. Levels of sgRNA expression in cells untreated or transfected with scrambled or
CRISPR-Cas9 plasmids. D. qRT-PCR analysis of Cas9 mRNA levels in cells untreated or transfected with scrambled or CRISPR-Cas9
plasmids. E. Western blot analysis of Cas9 protein levels in cells untreated or transfected with scrambled or CRISPR-Cas9 plasmids. F. TEM analysis
of exosomes derived from cells transfected with CRISPR-Cas9 plasmids. G. Nanoparticle tracking analysis of exosomes. H. qRT-PCR analysis of
sgRNA concentrations in exosomes derived from cells untreated or transfected with scrambled or CRISPR-Cas9 plasmids. I. Levels of sgRNA con-
centrations in exosomes derived from cells untreated or transfected with scrambled or CRISPR-Cas9 plasmids. J. qRT-PCR analysis of Cas9 mRNA
levels in exosomes derived from cells untreated or transfected with scrambled or CRISPR-Cas9 plasmids. K. Western blot analysis of Cas9 protein
levels in exosomes derived from cells untreated or transfected with scrambled or CRISPR-Cas9 plasmids. n = 3. Error bars, mean + s.d.

2968 | Biomater. Sci,, 2020, 8, 2966-2976

This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/d0bm00427h

Published on 17 Abréll 2020. Downloaded on 03.02.26 10:14:59.

View Article Online

Biomaterials Science Paper

A
plasmid 2

U6 sgRNA1 EF-1a SpCas9 NLS Flag

N R N B4
- -

cells
B C~
€ 2x108+
. c [ ]
IP with Input o 1 5x108
2 4 551084
Flag 19gG Flag Flag Flag g :
[
S 1x108-
WB: Flag - - 5
< 7.
O P S D Z 510
& F F EF x N.D N.D
QQ‘ el © QQ‘ 7] 0-
& & & S 3
& & S & @
N3 &7 &
\0\ S (3-*\
© ¢ >
S ; O
K QQ~ Q&
9 S
& &
© @
exosomes
b E S ex107,
IP with Input ‘g’ o
Flag 1gG Flag Flag Flag g 4x1074
. | [
WB: Flag | ! -J g
@ o o N2 8 2x1074
& o F & P <
o by > © o z ND
S &8 K %, :
& ¥ g 0
S ¢ ¢ S o S
Q\‘b Ne) Q\‘b
X Q X
\0\ P é%\
O K >
P <o <
K QQ~ QL
SHEC
CJQ~ QQ‘

Fig. 2 A. Schematic of LentiCRISPR-sgRNA1-Cas9-FLAG vector (plasmid 2) design. B. Immunoprecipitation assay of cells untreated or treated with
CRISPR-Cas9-FLAG plasmids. Lysates of cells were blotted using FLAG antibody (input) or immunoprecipitated with FLAG and blotted using FLAG
antibody (IP with). IP with anti-lgG served as the control. C. sgRNA analysis of immunoprecipitants following the IP assay in
B. D. Immunoprecipitation assay of exosomes derived from cells untreated or treated with CRISPR-Cas9-FLAG plasmids. Lysates of exosomes were
blotted using FLAG antibody (input) or immunoprecipitated with FLAG and blotted using FLAG antibody (IP with). IP with anti-IgG served as the

control. E. sgRNA analysis of immunoprecipitants following the IP assay in D. n = 3. Error bars, mean + s.d.

Exosomal sgRNAs and Cas9 proteins are taken up by recipient
cells

Previous studies have demonstrated that exosomes can deliver
RNA bio-cargos into recipient cells. Therefore, we investigated
whether CRISPR-Cas9 components can be delivered into reci-
pient cells via the transmission of exosomes. The lung adeno-
carcinoma cell line A549 was treated with normal exosomes
and exosomes loaded with CRISPR-Cas9 components. The
levels of sgRNA were significantly increased in cells treated
with CRISPR-Cas9 exosomes (Fig. 3A), and Cas9 proteins were
clearly detected in recipient cells (Fig. 3B). Thus, the exosomes
delivered CRISPR-Cas9 components into recipient cells.

This journal is © The Royal Society of Chemistry 2020

Enrichment of sgRNAs and Cas9 proteins in exosomes using
GFP-binding nanobody

Although sgRNAs and Cas9 proteins are loaded in exosomes as
a ribonucleoprotein complex, these exosomes cannot efficien-
tly alter the expression of the target gene. Thus, we examined
whether the enrichment of CRISPR-Cas9 components in exo-
somes resulted in more efficient deletion of the target gene in
the recipient cells. We generated two plasmids that expressed
CD63-GFP fusion protein (plasmid 3) and GFP nanobody-
fused Cas9 (plasmid 4). These plasmids were co-transfected
into donor cells (Fig. 4A). GFP was fused with CD63 protein,
which is a member of the tetraspanin family and expressed on

Biomater. Sci,, 2020, 8, 2966-2976 | 2969
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Fig. 3 A. gRT-PCR analysis of sgRNA concentrations in cells untreated
or treated with exosomes loaded with CRISPR-Cas9
components. B. Western blot analysis of Cas9 protein levels in cells
untreated or treated with exosomes loaded with CRISPR-Cas9 com-
ponents. n = 3. Error bars, mean + s.d.

the surface of the inner side of exosome membrane, whereas
Cas9 protein was fused with GFP-binding nanobody, which
binds readily with GFP protein and can be efficiently loaded
into exosomes (Fig. 4B). TEM analysis showed that the modi-
fied CRISPR-Cas9 exosomes (M-CRISPR-Cas9 exo) had the
standard exosome morphology with a diameter of around
100 nm (Fig. 4C). Next, we confirmed that the GFP was
expressed in exosomes derived from co-transfected -cells
(Fig. 4D). In modified CRISPR-Cas9 exosomes, the levels of
sgRNA and Cas9 proteins were significantly increased com-
pared with those in CRISPR-Cas9 exosomes (Fig. 4E-G). This
indicated that some of the CRISPR-Cas9 components may be
packaged into exosomes as an intact sgRNA:Cas9 RNP
complex from donor cells, and increased sgRNA levels may
stem from the increased Cas9 proteins loaded into modified
exosomes. Intriguingly, in addition to the protein levels, the
levels of Cas9 mRNA in M-CRISPR-Cas9 exosomes increased
(Fig. 4H). The loading of CRISPR-Cas9 components was signifi-
cantly improved using the GFP-binding nanobody system.
Next, we investigated whether the sgRNAs and Cas9-GFP nano-
body proteins interacted in the exosomes. An RNA-immuno-
precipitation assay showed that FLAG-tagged Cas9-GFP nano-
body proteins could be pulled down with the antibody raised
against FLAG (Fig. 4I). qRT-PCR analysis of the immunopreci-
pitants showed that sgRNAs were strongly associated with the
Cas9-GFP nanobody protein (Fig. 4]). The GFP-GFP nanobody
system improved the loading efficiency of the CRISPR-Cas9
components into the exosomes, and this method did not alter
the function of the CRISPR-Cas9 system.

Exosomal CRISPR-Cas9 components abrogate the target gene
in recipient cells

To investigate whether the CRISPR-Cas9 components loaded
in the modified CRISPR-Cas9 exosomes were functional in
recipient cells, we generated a reporter cell line in which a
stop-DsRed sequence was stably infected into the genome of
A549 cells (A5495°PPsRed cells) (Fig. 5A). DsRed was not
expressed due to a frameshift mutation caused by the stop

2970 | Biomater. Sci, 2020, 8, 2966-2976
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sequence (49 nucleotides) (Fig. 5C). sgRNA1 and sgRNA2 tar-
geting stop sequences were designed and cloned into
lentiCRISPRv2 vectors as well as the Cas9-GFP nanobody
sequence (plasmids 4 and 4*) (Fig. 5A and B). First,
A5495°PPsRed collg were transiently co-transfected with plas-
mids 3, 4, and plasmid 4* (Fig. 5A and C) to assess the func-
tion of the recipient reporter cells and plasmids. Confocal
images showed GFP was expressed in cells (Fig. S5A,T row 3,
lane 2). Furthermore, A549°°PPsR¢d cells exhibited red fluo-
rescent signals (Fig. S5A,1 row 3, lane 3), demonstrating that
the reporter cells and plasmids were set up successfully. To
yield the modified CRISPR-Cas9 exosomes, plasmids 3, 4, and
4* were co-transfected into cells and the exosomes were har-
vested from the conditioned medium. After incubating
A549%°PPsRed ¢ellg with CRISPR-Cas9 exosomes, a high level of
sgRNAs was detected in recipient A549°°PPsRed cells (Fig. 5D).
Modified CRISPR-Cas9 exosomes transferred a larger amount
of sgRNAs into recipient cells than normal CRISPR-Cas9 exo-
somes (Fig. 5D). Because GFP was fused with exosomal mem-
brane protein CD63, the expression of GFP determined in reci-
pient cells confirmed the internalization of the exosomes
(Fig. 5E, row 2). Modified CRISPR-Cas9 exosomes transferred a
considerable amount of Cas9 proteins into recipient cells com-
pared with normal CRISPR-Cas9 exosomes (Fig. 5E, row 1).
Next, we investigated whether exosomal CRISPR-Cas9 com-
ponents functioned in recipient cells by assessing the fluo-
rescent signals with a confocal microscope. GFP fused on the
membrane of exosomes was detected in recipient cells, visually
confirming that the exosomes were internalized in recipient
reporter cells (Fig. 5F, row 3, lane 2). Notably, recipient
A5495°PPsRed cells treated with normal exosomes that trans-
ferred fewer CRISPR-Cas9 components into recipient cells
exhibited weak red fluorescent signals (Fig. 5F, row 2, lane 3),
whereas the cells treated with modified CRISPR-Cas9 exosomes
exhibited detectable scattered red fluorescent signals (Fig. 5F,
row 3, lane 3). Sanger sequencing confirmed that 37 nucleo-
tides in the stop sequence were removed by sgRNA1/sgRNA2-
guided Cas9 endonuclease (Fig. 5C and G). These data demon-
strate that exosomal CRISPR-Cas9 elements functioned in reci-
pient cells as an endogenous CRISPR-Cas9 system.

Discussion

In this study, we developed an engineered exosome for the
more efficient delivery of CRISPR-Cas9 components. Exosomes
offer great advantages as couriers for drug delivery.*®
Exosomes are naturally occurring carriers that can deliver bio-
information intercellularly; thus, they are more compatible
with the immune system and exhibit little immunogenicity
and toxicity.>® In addition, exosomes can be conveniently
equipped with the target peptide, which may facilitate the
tissue/cell-specific delivery or the crossing of biological bar-
riers, such as the blood brain barrier.?® Furthermore, because
exosomes are released from natural cells, they bear natural exo-
somal proteins, such as CD47, which protects them from

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 A. Schematic of pEGFP-HA-CD63 (plasmid 3) and LentiCRISPRV2-sgRNA1-Cas9 + FLAG-GFP nanobody (plasmid 4) vector
designs. B. Schematic of the mechanism underlying GFP-GFP nanobody-mediated CRISPR-Cas9 component loading. C. TEM analysis of modified
CRISPR-Cas9 exosomes. D. Protein levels of GFP and CD63 in exosomes derived from cells untreated or treated with normal CRISPR-Cas9 exo-
somes or modified CRISPR-Cas9 exosomes. E. qRT-PCR analysis of sgRNA concentrations in vehicle exosomes, normal exosomes loaded with
CRISPR-Cas9 components, or modified exosomes loaded with CRISPR-Cas9 components. F. Levels of sgRNA expression in vehicle exosomes,
normal exosomes loaded with CRISPR-Cas9 components, or modified exosomes loaded with CRISPR-Cas9 components. G. Western blot analysis of
Cas9 protein levels in vehicle exosomes, normal exosomes loaded with CRISPR-Cas9 components, or modified exosomes loaded with CRISPR-Cas9
components. H. gRT-PCR analysis of Cas9 mRNA levels in vehicle exosomes, normal exosomes loaded with CRISPR-Cas9 components, or modified
exosomes loaded with CRISPR-Cas9 components. |. Immunoprecipitation assay of modified exosomes loaded with CRISPR-Cas9 components.
Lysates of exosomes were blotted using FLAG antibody or CD63 antibody (input) or immunoprecipitated with FLAG or HA and blotted using FLAG
antibody or HA antibody (IP with). IP with anti-IgG served as the control. J. An sgRNA analysis of immunoprecipitants following IP assay in H. n = 3.
Error bars, mean + s.d.
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Fig. 5 A. Schematic of the generation of A5495°P-PsRed cells and exosome treatment. B. Schematic of LentiCRISPRV2-sgRNA2-Cas9 + FLAG-GFP
nanobody (plasmid 4*) vector designs. C. Schematic of the mechanism underlying sgRNA-guided endonuclease genome editing in A549stoP-DsRed
cells. D. gRT-PCR analysis of sgRNA concentrations in cells treated with vehicle exosomes, normal exosomes loaded with CRISPR-Cas9 com-
ponents, or modified exosomes loaded with CRISPR-Cas9 components. E. Western blot analysis of Cas9 protein levels in recipient cells treated with
vehicle exosomes, normal exosomes loaded with CRISPR-Cas9 components, or modified exosomes loaded with CRISPR-Cas9
components. F. Confocal images showing red fluorescent expression in A5495°P-PsRed ce||s treated with vehicle exosomes, normal exosomes loaded
with CRISPR-Cas9 components, or modified exosomes loaded with CRISPR-Cas9 components. G. Sanger sequencing of A549stoP-PsRed cqig
untreated or treated with modified exosomes loaded with CRISPR-Cas9 components.

being phagocytosed by monocytes and macrophages and into cancer-derived exosomes and delivered into cancer cells®”

makes them stable in blood.”’
Owing to their advantages, exosomes have been already
combined with CRISPR-Cas9 delivery. Plasmids were loaded
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and provided more effective delivery than epithelial cell-
derived exosomes.>> However, plasmid DNA tends to integrate
randomly into the host genome, which may result in constitu-
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tive expression of Cas9.>’ This can be either beneficial or pro-
blematic for gene therapy. The manipulation of the
CRISPR-Cas9 system in target cells is vital for the host’s health
after treatment. Thus, delivering CRISPR-Cas9 components
instead of vectors may provide a better means of CRISPR-Cas9
system regulation in vivo. Other approaches for CRISPR-Cas9
delivery have also been studied. Most focus on the engineering
of delivery carriers, including the generation of lipid-like
nanoparticles'®**  or  exosome-liposome hybrid nano-
particles,®® which still raise concerns about immunogenicity.

Small RNAs can be efficiently loaded into exosomes.*
However, there is little evidence to show that sufficient protein
can be loaded into exosomes and function in recipient cells.
In addition, loading mRNA of interest into exosomes always
has challenges. Therefore, these problems need to be over-
come in delivering Cas9. In our study, we confirmed that Cas9
protein can be loaded into exosomes instead of its mRNA. To
improve the efficiency of Cas9 protein loading into exosomes,
we used the GFP-GFP nanobody system. We confirmed that
engineering the GFP-GFP nanobody system did not alter the
function of the CRISPR-Cas9 system in recipient -cells.
Furthermore, the improved loading of the CRISPR-Cas9 com-
ponents facilitated efficient genome editing presented in our
A5495©PPsRed o grter cells. By increasing the loading of Cas9
proteins into modified exosomes, the levels of sgRNA were also
increased in exosomes, suggesting that part of CRISPR-Cas9
components may be packaged into exosomes as an intact func-
tional unit, the sgRNA:Cas9 ribonucleoprotein complex, from
the donor cells. However, according to our results and other
studies, sgRNA and Cas9 also can be delivered separately and
form the sgRNA:Cas9 ribonucleoprotein complex in exosomes
or recipient cells.**

We should also ask why Cas9 mRNA cannot be packaged
into exosomes. A special tactic is always needed to facilitate
the packaging of mRNA. Cas9 mRNA engineered with AU-rich
elements can be enriched into exosomes that bear RNA
binding proteins.*® In addition, a ZIP-code-like 25 nucleotide
sequence in the 3'-untranslated region of mRNA facilitates the
enrichment of this mRNA in exosomes.?” The bio-cargoes of
exosomes consist of miRNA, other non-coding RNA, mRNA,
and cytoplasmic and membrane proteins. Importantly, owing
to their highly regulated biogenesis, exosomes selectively
encapsulate some defined components. RNA cargo sorting to
generate exosomes shows a precise and unique biochemical
composition.*® A study performed on MDA-MB-231 tumour
cells revealed the enrichment of mRNA molecules in extra-
cellular vesicles compared with that in donor cells, suggesting
that, instead of a random package, there is a sorting mecha-
nism that facilitates the selection and packaging of mRNA into
exosomes.>® Several mechanisms have provided some insights
into how cells regulate the biogenesis of exosomes and select
cargo, although the precise mechanism remains unknown.
Thus, the fact that SpCas9 mRNA cannot be sorted into exo-
somes may be because SpCas9 are from S. pyogenes, the mRNA
of which cannot be recognized or selected into exosomes by
mammal donor cells. Interestingly, Cas9 mRNA was enriched
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in our modified exosomes, although the mechanism was not
clear. One putative explanation is that artificial engineering
may change the sorting preference of exosomes. Further work
is needed to explain the Cas9 mRNA sorting into GFP nano-
body-modified exosomes.

Our study provides proof-of-principle of an alternative
method to facilitate the delivery of the CRISPR-Cas9 system,
which may help advance the clinical use of CRISPR-Cas9
technology.

Materials and methods

Cells, reagents and antibodies

The HEK 293T cell line was purchased from the Institute of
Biochemistry and Cell Biology at the Shanghai Institute for
Biological Science at the Chinese Academy of Science
(Shanghai, China). HEK 293T cells were maintained in
Dulbecco’s modified Eagle’s medium (Gibco, CA, USA) sup-
plemented with 10% FBS (Gibco), 1% penicillin-streptomycin
(Gibco). The adenocarcinomic human alveolar basal epithelial
(A549) cell line was purchased from the Institute of
Biochemistry and Cell Biology (Shanghai, China). The A549
cells were maintained in DMEM (Gibco) supplemented with
10% FBS, 100 units mL ™" penicillin, and 100 pg mL™" strepto-
mycin (Gibco). STR profiling and detection of mycoplasma
contamination were performed to authenticate all cell lines.
Antibodies raised against SpCas9, GAPDH, CD63, f-actin, and
EGFP were purchased from Cell Signalling Technology (MA,
USA); the FLAG antibody was purchased from Thermo Fisher
Scientific (MA, USA); and the TSG101 antibody was purchased
from Santa Cruz Biotechnology (CA, USA).

Guide RNA design

Guide RNAs sequences were designed using the CRISPR
Design Tool (http:/zlab.bio/guide-design-resources). Guide
RNAs sequences are listed in Table S1.t

DNA constructs

The cDNA of sgRNA, SpCas9, and FLAG-tagged SpCas9 were
cloned into lentiCRISPRv2 vectors (Addgene, MA, USA). The
GFP nanobody was synthesized by Genescript (Nanjing,
China) and cloned into the lentiCRISPRv2 vector (Addgene)
using a BamHI restriction site. Human U6 promoter was used
for driving the sgRNA transcription, and the EF-1a promoter
was used for driving the expression of SpCas9, FLAG-tagged
SpCas9, and SpCas9-GFP nanobody. HA-CD63 cDNA was
amplified by PCR using primers for flanking, and the ampli-
cons were cloned into the pEGFP-N1 vector (Addgene) between
Xhol and BamHI restriction sites, with the resultant correct
plasmid designated as pEGFP-N1-HA-CD63. The DsRed
sequence was amplified using PCR from Rosa tdTomato mice
(The Jackson Laboratory, ME, USA), and the stop element
sequence was synthesized by Genescript. Stop element and
DsRed (stop-DsRed) were finally cloned into the pSin-Puro
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vector (Addgene) using MLUI and Spel restriction sites. The
sequences of all the plasmids are listed in Table S1.}

Lentivirus construction and stable cell lines

The plasmid expressing stop-DsRed was transfected into HEK
293T cells together with plasmids psPAX2 and pMD2G with
Lipofectamine 2000 (Thermo Fisher Scientific). The three plas-
mids were mixed at a molar ratio of 10: 5: 1, dissolved in Opti-
MEM, and incubated at room temperature for 15 min. Then,
HEK 293T cells at 70-80% confluence were transfected. After
6 h, the medium was changed to medium supplemented with
2% FBS (Gibco). Lentivirus particles were collected from the
medium supernatant after 48 h and filtered using a 0.22 pm
filter. Virus particles were stored at —80 °C. An A5495PPsRed
reporter cell line was generated using a standard lentiviral
transduction protocol. For viral infection, A549 cells were
seeded in 6-well plates and incubated with stop-DsRed virus
supplemented with 4 pg mL ™" polybrene (HANBIO, Shanghai,
China). Afterwards, cells were cultured as a polyclonal popu-
lation and kept under selection using 1 pg mL~" puromycin
(Sangon Biotech, Shanghai, China).

DNA construction transfection

Cells were seeded in 60 cm” dishes overnight and transfected
the next day using Lipofectamine 2000 (Thermo Fisher
Scientific) according to the manufacturer’s instructions. Cells
and exosomes were harvested 24 h after transfection for the
following assays.

Ultracentrifugation exosomes isolation

Exosomes were isolated and purified from the cell supernatant
as described previously. Briefly, cells were cultured in the
medium containing exosome-depleted FBS. The culture
medium was collected from an equivalent number of cells
24 h after cell culture or transfection. Exosomes were isolated
by the following sequential centrifugation steps: 5 min at 300g
to remove the cells; 30 min at 3000g to remove cell debris;
30 min at 10 000g to remove larger microvesicles; and ultracen-
trifugation at 120000g for 70 min using a rotor (70 Ti,
Beckman, Bremen, Germany). The pellets were resuspended in
a convenient volume of phosphate-buffered saline (PBS).
Exosomes were quantified by protein level using the BCA
method and kept at —80 °C for long-term storage.

Exosome isolation using the total exosomes isolation kit

The cell culture medium was harvested and centrifuged at
2000g for 30 min to remove the cells and debris. The cell-free
medium was transferred to a new tube and 0.5 volumes of the
Total Exosomes Isolation reagent (Thermo Fisher Scientific)
was added. The solution was mixed by vortexing or pipetting
until it was homogenous. After incubating overnight at 4 °C,
the homogenous solution was centrifuged at 10 000g for 1 h at
4 °C. The pellets were resuspended in a convenient volume of
PBS and either used or stored at —80 °C.
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NTA

The distribution of nanoparticle sizes was analysed by NTA
(NanoSight, Malvern Panalytical, UK). Samples were manually
injected into the sample chamber at ambient temperature.
Each sample was measured in triplicate at camera setting 10
with acquisition time of 20 s and a detection threshold setting
of 7. At least 200 completed tracks were analysed per video.
NTA analytical software version 3.2 was used for capturing and
analysing data.

Fluorescent imaging analysis

A5495°PPsRed cols treated with control exosomes or modified
CRISPR-Cas9 exosomes were analysed. After treatment, cells
were rinsed twice with PBS and seeded onto glass coverslips in
12-well plates. The cells were fixed with 4% paraformaldehyde
at room temperature for 15 min and stained with Hoechst
33342 (Thermo Fisher Scientific) at room temperature for
15 min. Slides were imaged using a confocal imaging system
(TCS SP8-MaiTai M, Leica, Wetzler, Germany) and images pro-
cessed using TCS SP8 software (Leica). Results are from three
independent experiments.

RNA immunoprecipitation assay

Cells and exosomes were lysed using lysis buffer (20 mM Tris-
HCl, 150 mM NacCl, 0.5% Nonidet P-40, 2 mM EDTA, 0.5 mM
DTT, 1 mM NaF, 1 mM PMSF, 1% protease inhibitor cocktail,
and 10 U mL™" RNase inhibitor) for 30 min on ice, followed by
centrifugation at 16 000g for 10 min at 4 °C. Supernatants were
incubated with anti-FLAG antibody, anti-HA antibody, or IgG
at 4 °C overnight. Then, supernatants were incubated with
40 pL Protein A/G PLUS-Agarose beads (SantaCruz
Biotechnology) for 2 h at 4 °C. Beads were collected by cen-
trifugation at 2500 rpm for 5 min at 4 °C. Immunoprecipitants
were eluted from the beads using lysis buffer, and treated with
RIPA for western blot analysis or TRIzol reagent (TaKaRa,
Dalian, China) for RNA analysis.

Sanger sequencing

PCR was performed in a 20 pL reaction mixture consisting of
1 pL template DNA, 1 pL forward primer (10 pM), 1 uL reverse
primer (10 pM), 10 pL SuperStar High-Fidelity Polymerase
(TSINGKE, Nanjing, China), and 7 uL ddH,O. Amplification
was carried out with the following programme: 98 °C for 60 s;
35 cycles of 98 °C for 10 s; 58 °C for 15 s; 72 °C for 15 s; hold
at 4 °C. Agarose gel (2%) was used for separating DNA frag-
ments. The PCR products of expected length were cloned into
pClone Blunt plasmids (TSINGKE) and sequenced using
primer M13F.

RNA extraction and qRT-PCR

Total RNA was harvested from cells or exosomes using TRIzol
Reagent (TaKaRa) according to the manufacturer’s instruc-
tions. qRT-PCR was performed using optimized primers.
Briefly, cDNA was synthesized from 5 pL of total RNA using
AMV reverse transcriptase (TaKaRa). qRT-PCR was then per-
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formed on a sequence detection system (7300, Applied
Biosystems, CA, USA). All reactions were run in triplicate. Ct
values were determined using fixed threshold settings. mRNA
gene expression was normalized to 18s RNA. To calculate the
absolute expression levels of sgRNA, a series of synthetic
sgRNAs with known concentration was also reverse-transcribed
and amplified. The absolute amount of sgRNA was then calcu-
lated referring to the standard curve. The expressions of the
sgRNA in the cells were normalized to the expression of 18s
RNA

Western blot assay

Total protein from the cells or exosomes was extracted using
RIPA lysis buffer (Beyotime, Shanghai China). Protein concen-
trations were determined with a bicinchoninic acid protein
assay kit (Thermo Fisher Scientific). Lysates were separated on
SDS-PAGE (10%) gel and transferred to polyvinylidene fluoride
membranes. After blocking, membranes were incubated with
primary antibodies overnight at 4 °C, followed by incubation
with peroxidase-conjugated secondary antibody at room temp-
erature for 1 h. Protein expression was determined using an
enhanced chemiluminescence western blot kit (Supersignal
West Pico, Thermo Fisher Scientific). Normalisations were per-
formed after blotting the same samples with an antibody
against f-actin or GADPH.

Statistical analysis

Data are expressed as mean + SD. Technical and biological tri-
plicates of each experiment were performed. Student’s ¢-test
was used for comparing two groups, and one-way ANOVA was
used to compare the differences among three or more groups
(GraphPad Prism 8.0). P < 0.05 was considered statistically
significant.
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