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Genome editing technology has emerged as a potential therapeutic tool for treating incurable diseases.
In particular, the discovery of clustered regularly interspaced short palindromic repeats (CRISPR)/Cas
systems and the design of single-guide RNAs (sgRNAs) have revolutionized genome editing applications.
Unfortunately, compared with the rapid development of gene-editing tools, the progress in the develop-
ment of delivery technologies is lagging behind and thus limiting the clinical application of genome
editing. To overcome these limitations, researchers have investigated various delivery systems, including
viral and non-viral vectors for delivering CRISPR/Cas and sgRNA complexes. As natural endogenous
nanocarriers, extracellular vesicles (EVs) present advantages of biocompatibility, low immunogenicity,
stability, and high permeability, making them one of the most promising drug delivery vehicles. This
review provides an overview of the fundamental mechanisms of EVs from the aspects of biogenesis,
trafficking, cargo delivery, and function as nanotherapeutic agents. We also summarize the latest trends in
EV-based CRISPR/Cas delivery systems and discuss the prospects for future development. In particular,
we put our emphasis on the state-of-the-art engineering strategies to realize efficient cargo packaging
and loading. Altogether, EVs hold promise in bridging genome editing in the laboratory and clinical appli-
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1. Introduction

Gene editing technologies have been developed to modify the
target gene sequence at a specific point, with site-directed
mutation, insertion, or knockout as the main editing methods.
The CRISPR/Cas system consists of a single guide RNA
(sgRNA) that identifies the DNA sequence to be edited and a
Cas nuclease that binds to its target sequence before the proto-
spacer adjacent motif (PAM)."> The Cas9 system at its target
site can act as a molecular scissor upon activation by the PAM
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cations of gene therapies by providing a safe, effective, and targeted delivery vehicle.

sequence. Currently, the most widely used Cas9 is
Streptococcus  pyogenes  Cas9  (SpCas9) derived from
Streptococcus pyogenes. However, other types of Cas9, including
SaCas from Staphylococcus —aureus,® FnCas9 from
Francisella,>® St1Cas9 from Streptococcus thermophilus,’
CjCas9 from Campylobacter jejuni,® and NmCas9 from
Neisseria meningitidis,’ have also been reported. In CRISPR/
Cas9 mediated genome editing, sgRNA guides the Cas9 pro-
teins to identify the target site at DNA and induce double-
strand breakage (DSB), which activates the pathways for cellu-
lar DNA repair for precise genome editing.'®'! The classical
pathways of DSB repair include non-homologous end joining
(NHEJ) and homologous-directed repair (HDR), together with
alternative non-homologous end joining (alt-NHEJ) and single-
strand annealing (SSA) and other methods (Fig. 1).
Intracellular delivery of CRISPR/Cas systems can be
achieved by direct delivery of the CRISPR/Cas9 ribonucleopro-
tein (RNP), which is a complex of ribonucleic acid and RNA-
binding protein Cas9. This strategy is limited by the large size
of the Cas9 protein (for example, SpCas9 is a large protein
with 1368 amino acids). One way to tackle this problem is to
engineer Cas9 variants or identify Cas proteins with smaller
sizes. Recently, a small Cas9 ortholog was derived from
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Fig. 1 Schematic representation of gene editing mediated by CRISPR/Cas9. CRISPR genome editing uses the ability of Cas9 to induce targeted
chromosomal DSBs, usually a few nucleotides upstream of the PAM sequence. Subsequent repair of chromosomal DSBs can be divided into two
repair pathways: NHEJ and HDR. NHEJ is used to improve gene knockout, while the HDR pathway has therapeutic applications in correcting several
mutated genes. NHEJ-break ends can be joined without a homologous template, whereas HDR-breaks require a template to guide repair.

Staphylococcus auricularis and named SauriCas9,"” with high
specificity and on-target editing efficiency. Other examples
include the mini CRISPR-Cas12f1 system which has only 422
amino acids."?

Instead of directly delivering the Cas9 protein, the delivery
of gene plasmids that express the components of the CRISPR/
Cas9 system is also viable, the key to which are the carriers.
However, the clinical translation of many carriers/vectors faces
two major problems: safety and the rapid clearance by the reti-
culoendothelial system (RES) or the mononuclear phagocyte
system (MPS). Compared with nanocarriers constructed from
synthetic materials, cell-derived nanovesicles are superior in
both aspects. Collectively called extracellular vesicles (EVs)
(including exosomes as the most well-studied type of EVs), the
naturally borne nanovesicles have several advantages, includ-
ing a membrane structure resembling that of the cell mem-
branes and their ability to avoid phagocytosis, escape immune
response, prolong the circulation time, and penetrate to deep
tissue regions. All these properties make them advantageous
nanomaterials for drug delivery, including small molecules,
nucleic acid drugs, and proteins for a wide variety of diseases.
The use of EVs or exosomes for drug delivery and therapy has
been extensively reviewed.'*™'® Recently we together with other
labs reported that targeting moieties can be installed on the
surface of exosomes through various engineering and modifi-
cation methods to realize cell and tissue-specific delivery of
the cargo. This area has also been extensively reviewed."®>°73
EV/exosome-mediated deliveries of the CRISPR/Cas9 systems
are emerging but are underdeveloped. One major hurdle in
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this regard is the packaging or loading of the CRISPR/Cas9
systems within EVs and exosomes, because of the large size
and heterogeneity of the gene editing systems and the limited
capacity within EVs and exosomes. Besides giving an overview
of how cell-derived EVs can be harnessed for CRISPR/Cas9
delivery, this review focuses on cargo packaging and loading
within EVs/exosomes, which is a critical hurdle toward the
clinical applications of EV/exosome-mediated CRISPR/Cas9
delivery. We also discuss the quality control, regulation, and
limitations of EV/exosome-mediated CRISPR/Cas9 delivery
toward clinical applications.

2. Overview of EVs

EVs are membrane-derived vesicles released by cells into the
extracellular space, which play an important role in intercellu-
lar communication and regulate a range of biological pro-
cesses. Over the past decade, knowledge about the character-
istics and function of EVs has accumulated rapidly. Due to the
heterogeneous nature of EVs in origin, size, and composition,
there is currently no gold standard to define EVs. However, the
general consensus is that EVs are lipid vesicles derived from
endosomal compartments and are secreted to the extracellular
environment after the fusion of the endosomal compartment
with the plasma membrane. According to the minimal infor-
mation for studies of extracellular vesicles 2018 (MISEV2018)
and the updated guidelines, EVs are categorized based on the
following: (a) size (small EVs are <200 nm and medium/large

This journal is © The Royal Society of Chemistry 2022
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EVs are >200 nm), (b) density (low, middle, high), and (c)
marker protein (e.g., CD63+/CD81+-EVs).>*** In this review, we
focus on two types of EVs, exosomes and microvesicles, as
delivery vehicles.

Exosomes are classically defined by their size (usually
<150 nm in diameter) and endosome associated marker pro-
teins. Exosomes are typically obtained by ultracentrifugation
at 10000g after removing apoptotic bodies and microvesi-
cles. Separation with Optiprep or sucrose gradients can
achieve higher homogeneity. Biogenesis of exosomes is gen-
erally divided into three stages: (1) formation of endocytic
vesicles by cell membrane depression, (2) formation of mul-
tivesicular bodies (MVBs) by inward budding of endocytic
vesicle membranes, and (3) fusion of MVBs with the cell
membrane to form intraluminal vesicles (ILVs) and ILVs are
released as exosomes (Fig. 2). During MVB formation, ILVs
can package Golgi-processed proteins, cytoplasmic proteins,
and genomic cargoes from their parental cells. The endo-
somal sorting complex required for endosomal sorting and
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transport (ESCRT) proteins, especially AIP1/Alix/Vps31 and
Tsg101/Vps23, regulate cargo loading. Among them,
ESCRT-0, ESCRT-I and ESCRT-II are responsible for recogniz-
ing and delivering ubiquitinated cargoes into the lumen of
endosomes. Besides the ESCRT-dependent pathway, an
ESCRT-independent pathway also exists.”®?” The exosomal
contents, including lipids, such as cholesterol, sphingomye-
lin, and phosphoglycerides, proteins, DNA, and RNA are
released by inclusion in exosomes (Fig. 2). The surface of
exosomes is enriched with multiple protein families such as
tetraspanins (CD63, CD9 and CD81), heat shock proteins
(Hsp70), membrane transporters (RAB proteins, flotillin and
annexin) and proteins involved in MVB formation (ALIX,
TSG101 and clathrin), lysosomal protein (Lamp2b), etc.
These proteins have been widely used as exosomal markers.
Exosomes are natural carriers for cell-cell communications,
transporting materials and information from donor cells to
recipient cells; this intrinsic feature makes them potential
drug carriers.
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Fig. 2 Biogenesis and uptake paths of EVs. The formation of exosomes occurs in endosomal compartments. While microvesicles originate directly
from the plasma membrane, the maturation of exosomes is mediated by an ESCRT-dependent or ESCRT-independent mechanism. Fusion of late
endosomes (MVB) containing mature exosomes with the cytoplasmic membrane results in the release of exosomes into the extracellular matrix. The
interaction between exosomes and the recipient cell is mediated by cellular receptors and different exosomal surface proteins. After binding, the
exosomes may initiate signal transduction via intracellular signalling pathways, fuse with the cell membrane transferring protein and genetic con-
tents into the cytoplasm of recipient cells, and be endocytosed through receptor-mediated endocytosis, phagocytosis, and macropinocytosis.
Afterwards, EVs can either release the cargo or be directly degraded and recycled by lysosomes.
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Microvesicles are heterogeneous, membrane-bound vesicles
shed from the cell surface of various cell types, normally larger
than exosomes. Microvesicles can be obtained from con-
ditioned media and biological fluids by removing apoptotic
bodies and then collecting the supernatant by centrifugation
at 10000g, also a speed slower than that required for exo-
somes. The biogenesis of microvesicles involves vertical trans-
port of molecular cargo to the plasma membrane, membrane
lipid redistribution, and the use of different contractile mecha-
nisms at the surface to permit vesicles to contract.>® Since
microvesicles are formed by direct budding from the plasma
membrane, their sizes are more heterogenous, ranging from
150 nm to greater than 1000 nm in diameter. In recent years,
microvesicles have been recognized to play important roles in
altering the extracellular environment, intercellular signalling,
and promoting tumor invasion. Microvesicles encapsulate and
transfer various types of cargoes, including proteins, miRNAs
and DNA/mRNA fragments, lipid components, plasma mem-
brane receptors, ribosomal RNA (rRNA), mitochondrial DNA,
and their membrane surface markers including selectins,
integrins, ARF6 and CD40.>” Although there is much similarity
between exosomes and microvesicles, it was reported that only
microvesicles, but not exosomes, could transfer plasmid DNA
from donor to recipient cells.”® Microvesicles therefore can be
a platform to deliver CRISPR plasmids.

3. EVs as drug delivery vehicles

In recent years, many synthetic nano-delivery platforms have
emerged as delivery vehicles for CRISPR/cas9 tools. Since EVs
are naturally released from all cells, they have high biocompat-
ibility and lower immunogenicity.”® Encapsulating protein or
RNA drugs within the lipid bilayer membrane of EVs protects
them from enzymatic degradation during circulation, prolongs
the half-life, and improves their stability. The particle size and
negative charge of EVs avoid phagocytosis by the reticuloen-
dothelial system and rapid renal clearance, increasing the
retention at the disease site.’® Intrinsically expressed mem-
brane-anchored ligands or targeting moieties on the surface of
EVs can also achieve specific targeting.>® Unlike other syn-
thetic nanoparticle systems, endocytosed EVs can escape the
endosomal and lysosomal degradation pathway, thus facilitat-
ing direct cytoplasmic uptake of encapsulated contents.> EVs
can also cross tissue boundaries and diffuse into deep tissues,
including the blood-brain and intestinal barriers. Taken
together, these features make EVs unique among nano-sized
drug delivery vehicles (Fig. 3).

4. Delivery of CRISPR/Cas9 tools as
plasmid DNA

EVs have been used to mediate the delivery of plasmid DNA.
Kanada and co-workers reported MV mediated delivery of DNA
encoding the cre recombinase in vivo.>® K. M. McAndrews and
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co-workers reported that non-autologous exosomes could
encapsulate CRISPR/Cas9 plasmid DNA by transfection
reagents and deliver to pancreatic cancer cells to knockout
mutant cell KrasG12D oncogenic alleles, thereby inhibiting
proliferation and suppressing tumor growth in orthotopic pan-
creatic tumor models.>® He and co-workers reported that epi-
thelial cell-derived MVs can act as a safe, natural and efficient
delivery vehicle for CRISPR/Cas9 as compared to cancer-
derived MVs and can effectively inhibit cell proliferation.** Xu
and co-workers developed an epithelial cell-derived EV-based
platform for CRISPR/Cas9 plasmid delivery and genetically
engineered EVs with chimeric antigen receptors (CARS) to
enhance their tumor targeting ability. The result showed that
CRISPR/Cas9-loaded CAR-EVs accumulated in cancer cells
quickly and efficiently released CRISPR/Cas9 targeting the
MYC oncogene to induce cytotoxicity in malignant B-cells.?*
The combination of CAR and EVs was proved to be a novel
gene therapy approach in tumor treatment.

Since cancer-derived MVs have tumor cell tropism ability,
Kim and co-workers developed cancer-derived exosomes as
natural carriers for efficient delivery of CRISPR/Cas9 in
cancer.’® These cancer-cell-derived exosomes loaded with
CRISPR/Cas9 plasmids targeting poly (ADP-ribose) polymerase-
1 significantly inhibited PARP-1 expression and enhanced che-
mosensitivity to cisplatin. Furthermore, cancer-derived exo-
somes can selectively accumulate in ovarian cancer xenografts
more than epithelial cell-derived exosomes, probably due to
their cell tropism, providing a potential vehicle for efficient
in vivo target delivery. We have summarized the present
studies about the Cas9 DNA loading into EVs in Table 1.

Plasmid size and sequence determine the delivery efficiency
of MVs to a certain extent. Kanada and co-workers reported a
delivery system comprising engineered minicircle (MC) DNA
loading MVs. They exhibited that MVs have greater efficiency
in loading MC DNA and lead to prolonged and significantly
higher transgene expression as compared to their parental
plasmid counterparts.>” Cas9 MC DNA delivery by MVs consti-
tutes a safe vector for effective gene editing in the clinic.*® Lin
and co-workers reported an exosome-liposome hybrid system
developed by simple incubation to improve the loading
capacity and delivery efficiency of exosomes. Unlike native exo-
somes, hybrid exosome particles can efficiently encapsulate
CRISPR/Cas9 expression plasmids. Furthermore, this hybrid
system can be endocytosed and express the loaded gene in the
mesenchymal cell for gene editing.*®

5. Delivery of CRISPR/Cas9 RNPs by
EVs

The plasmid-mediated approach provides the most stable Cas9
protein expression, but the gene DNA must be delivered
directly into the nucleus to undergo transcription to achieve a
therapeutic effect, resulting in delayed gene editing. mRNA
does not need to be delivered to the nucleus and can be
directly translated to proteins in the cytoplasm. However,

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Summary of the unique features of EVs as drug delivery vehicles. Compared with synthetic nanoparticles, EVs show low toxicity and the
ability to cross biological barriers, amenability of surface modification, and other advantages.*2

Table 1 Delivery of CRISPR/Cas9 plasmid by EVs

EV source Cargo Function Ref.

HEK293T-derived exosomes CRISPR/SpCas9 sgRNA To knock out the mutant KrasG12D oncogenic allele to attenuate 33
KrasG12D tumor progression

Epithelial cell-derived microvesicles ~ CRISPR/Cas9-sgRNA Safe, natural delivery with synergistic cytotoxicity effect with sorafenib 34
IQGAP1

CD19-CAR-modified epithelial cell- CRISPR/Cas9-sgRNA MYC To induce mutations and toxicities in malignant B-cells 35

derived EVs

Cancer-derived exosomes CRISPR/Cas9-sgRNA Cell tropism, apoptotic cell death of SKOV3, enhances synergistic anti- 36
PARP-1 tumor effect with cisplatin

HEK293FT-derived exosomes (hybrid CRISPR/SpCas9 sgRNA To deliver CRISPR-Cas9 system in MSCs 39

exosomes) Runx2

mRNAs are easily degraded by enzymes. The delivery of Cas9
protein and sgRNA is another viable approach. Saving the tran-
scription and translation steps, the editing process is faster
and more efficient, with a lower off-target effect. The difficulty

This journal is © The Royal Society of Chemistry 2022

of this method lies in the loading of the CRISPR/Cas9 RNP
into EVs. Currently, a variety of small molecule drugs, pro-
teins, and nucleic acid drugs have been loaded into EVs using
ultrasound, electroporation, transfection, incubation, extru-
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sion, freeze-thaw cycling, heat shock, pH gradient method,
and hypotonic dialysis. Overexpressed Cas9 protein in the
donor cell can be packaged in the EVs of the donor cells. Kim
and co-workers reported that EVs derived from HL-60 cells
showed efficient loading of different cargoes and higher
effector functions. EVs collected from donor cells were used to
transfect the cells with GFP-tagged Cas9. The recipient cells
showed the highest GFP fluorescence.”® This indicated that
the EVs produced from dHL-60 cells could be a potential
source for CRISPR/Cas9 RNP delivery. Besides, various engin-
eering technologies have been developed to increase loading
efficiency. Here we systemically describe two below.

5.1 Engineering exosomal proteins for CRISPR/Cas9 RNP
loading

A variety of transmembrane and luminal proteins are found to
be specifically expressed on EVs; some of them, called scaffold
proteins, can be used to directly package exogenous proteins
during exosome biogenesis. Through these scaffold proteins

Lipid bilayer
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(listed in Fig. 4), cargoes can be loaded on the surface or in
the lumen. These scaffold proteins include the immuno-
globulin superfamily (IGSF, IGSF8, and PTGFRN),*" MARCKS
protein family (BASP1, MARCKS, and MARKCSL1),** exosomal
sorting proteins (syntenin, Alix, TSG101 and Flotilin)** and
transmembrane proteins (PDGFR, Lamp-2b, CD63, CD9, and
CD44) (Fig. 4). Fusion of Cas9 with either the intracellular or
extracellular domain of the exosomal scaffolding proteins can
realize the loading. Dooley and co-workers identified that
PTGFRN and BASP1 scaffold proteins were sorted into EVs and
enabled the luminal loading and successfully loaded Cas9 pro-
teins by fusing them to an N-terminal fragment of BASP1
(Fig. 4).*> Nabhan and co-workers reported a virus-indepen-
dent cellular process that produces a distinct type of MVs by
direct plasma membrane budding (DPMB). DPMB recruits an
important ESCRT component, the TSG101 protein, to the
surface of the cell through interaction with a tetrapeptide
motif (PS/TAP) of arrestin-domain-containing protein 1
(ARRDC1) to initiate plasma membrane budding.

7
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Fig. 4 Strategies to harness exosomal scaffolding proteins for loading and delivery of CRISPR/Cas9 RNPs.
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Subsequently, TSG101 transfers to the plasma membrane from
endosomes leading to the release of ARRDC1, TSG101, and
other cellular proteins containing microvesicles. Through the
PPXY motifs of arrestin-domain-containing protein 1
(ARRDC1), it can interact with WW domains (~40 amino acids
each) of NEDD4 ubiquitin ligases.* Wang and co-workers
reported ARRDC1 mediated MVs. Exogenous proteins can be
packaged into EVs by direct fusion to ARRDC1 or to a WW
domain that can specifically interact with ARRDC1. The packa-
ging and intracellular delivery of macromolecules, including
the tumor suppressor p53 protein and the genome editing
CRISPR-Cas9/guide RNA complex, have been carried out using
ARRDC1 as a scaffold protein. Through its PPXY motif,
ARRDC1 interacts specifically with proteins of the WW
domain of the NEDD4 family, thereby allowing the recruitment
of foreign proteins to EVs. In this aspect, WW-Cas9-sgRNA was
combined with the ARRDC1 plasmid to co-transfect into cells,
then WW-Cas9 and sgRNA were integrated inside the bilipidic
membrane of EVs through molecular recognition between WW
and ARRDC1 (Fig. 4). Successful delivery of EVs containing
WW-Cas9 and anti-GFP sgRNA to recipient cells resulted in
the disappearance of the GFP fluorescence signal, and both
T7E1 assay and direct DNA sequencing confirmed GFP gene
editing, suggesting that EV-mediated delivery of Cas9 enabled
the knockout of the GFP gene."’ This result provided evidence
that EVs secreted from the ARRDC1-Cas9 co-transfected cells
represent a highly versatile platform for packaging and intra-
cellular delivery of CRISPR-Cas9 macromolecules.

Next, we select CD63 as a particular example of the scaffold-
ing proteins. CD63 is a member of the tetraspanin family
expressed on the surface of exosomal membranes. Ye and co-
workers reported engineered exosomes by fusing GFP with
CD63 and GFP nanobody with Cas9 protein for Cas9 protein
delivery. Due to the high affinity between GFP-GFP nanobo-
dies, Cas9 protein can be selectively captured and efficiently
loaded into EVs (Fig. 4). The authors used a different tactic to
visualize the function of delivered CRISPR/Cas9 components
using a reporter cell line (A549stop-DsRed gave a red fluo-
rescence signal when sgRNA-guided endonuclease deleted the
stop element). The results showed that CRISPR/Cas9 surface-
modified exosomes more efficiently abrogated the target gene
in recipient cells.*® This exosome loading system composed of
the exosomal membrane protein CD63-GFP and GFP nanobody
fused to Cas9 provides a new method for the specific loading
of the Cas9 protein in EVs. Li and co-workers designed
surface-functionalized exosomes for loading RNA using a
fusion protein, in which the exosomal membrane protein CD9
was fused to the RNA binding protein HuR.*” CD9-HuR exo-
somes can efficiently load functional CRISPR/dCas9 through
the interaction between HuR and AU rich elements of the RNA
(Fig. 4).

Yim and co-workers developed an optogenetically engin-
eered exosome system, EXPLORs, which has high loading capa-
bility of proteins into exosomes and delivery efficiency through
the optically reversible protein-protein interaction controlled
by blue light with an endogenous biogenesis process.*® This

This journal is © The Royal Society of Chemistry 2022
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approach can achieve controllable, reversible loading, and
efficient delivery of Cas9 proteins. Some studies have estab-
lished that the genetic engineering of EV-producing cells to
express exosome sorting domains and the N-terminal fragment
of syntenin can significantly improve display efficacy.** By
combining Cas9 therapeutics and a natural delivery vehicle
that can overcome delivery bottlenecks, genetically engineered
EVs have great potential to be a next-generation genome
editing platform.

5.2 VSV-G-assisted cargo delivery

The glycoproteins (G proteins) of vesicular stomatitis virus
(VSV) mediate both cell attachment and membrane fusion of
the virus. Several research groups have focused on the vesicu-
lar stomatitis virus glycoprotein (VSV-G) in assisting exosome-
mediated delivery. Meyer and co-workers reported that VSV-G
not only loads protein cargoes onto exosomes, but also
enhances the protein delivery efficiency via a pseudotyping
mechanism. The gene transfection efficiency and fluorescence
tracking exhibited the successful targeting and encapsulation
of VSVG fusions into exosomes. The exosome size or distri-
bution was not influenced by the pseudotyping of exosomes.
The ectodomain plays no role in protein loading, but it has a
role in cell tropism. These VSV-G-modified EVs can load
protein cargoes and increase their delivery capability.*® It has
been shown that cells expressing VSV-G can release VSV-G
efficiently into cell-derived vesicles to generate extracellular
vesicles called “gectosomes” or “gesicles” (Fig. 5). Montagna
and co-workers reported the efficient delivery of CRISPR/
SpCas9 RNPs into target cells via decoration with fusogenic
glycoprotein VSV-G. Co-expression of VSV-G with SpCas9 fused
Gag or MinimalGag protein in HEK 293T cells can generate
fused VSV-G vesicles (VEsiCas). VEsiCas achieved ~60% and
~30% knockout efficiency for CXCR4 and VEGFA, respectively.
VEsiCas have higher delivery efficiency and lower toxicity com-
pared to electroporation. It can be used to edit various types of
cells including iPSCs and cardiomyocytes.>® Campbell and co-
workers reported the efficient delivery of CRISPR-Cas9 via the
gectosome approach for exosome-based genome editing.
Recently, gectosomes have been engineered to contain Cas9 as
an RNP complex. CherryPicker Red is a membrane-associated
protein containing a “DmrA” domain, which could bind to the
DmrC domain by the addition of an A/C heterodimeric mole-
cule resulting in the packaging of Cas9RNPs into gectosomes.
The Cas9 RNP complex thus delivered could cause both
mutation and copy number loss of the HIV provirus, along
with the inhibition of HIV proviral activity.>!

Because gectosomes are genetically encoded, highly pro-
grammable, easy to prepare, and amenable to purification,
this facile approach can be adapted for a wide range of
research and possible therapeutic applications. Utilizing self-
associating split GFP fragments,*> Zhang and co-workers devel-
oped gectosomes by co-transfecting a plasmid-encoded VSV-G
C-terminal GFP11 (VSV-G-GFP11) and SaCas9-GFP1-10 in 293
cells. The binding of GFP11 to GFP1-10 could reconstitute a
functional fluorescent GFP molecule so that VSV-G-GFP11

Biomater. Sci, 2022, 10, 4095-4106 | 4101
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could recognize GFP1-10-tagged cargo protein. This approach
based on GFP complementation greatly improves the efficiency
of cargo delivery to target cells and reduces nonspecific encap-
sulation of cellular proteins. Using SaCas9-encapsulating gec-
tosomes, they demonstrated DNA recombination, RNA inter-
ference, and gene editing in cultured cells and mouse liver
tissue in vivo.”* Gee and co-workers developed an all-in-one EV
delivery system called NanoMEDIC (nanomembrane-derived
extracellular vesicles for the delivery of macromolecular
cargoes) based on VSV-G. Rapamycin-inducible FK506-binding
protein FKBP12 and FKBP-rapamycin-binding domain (FRB)
homing mechanisms were utilized in this system.
Dimerization of FRB and FKBP12 results in the selective packa-
ging of Cas9 protein into EVs. NanoMEDIC can effectively
achieve genome editing in various human cell types, such as T
cells, monocytes, iPSCs, iPSC-derived cortical neurons, and
myogenic cells. Above 90% exon skipping efficiencies can be
achieved in skeletal muscle cells derived from Duchenne mus-
cular dystrophy (DMD) patient iPS cells through
NanoMEDIC.>* Lu and co-workers reported that the
functionalization of EVs with VSV-G protein could aid in the
delivery of Cas9 RNPs to the cytosol of specific cells by escap-
ing endocytic trafficking.>® Yao and co-workers enriched Cas9
RNPs into VSV-G-modified EVs using specific interactions
between RNA aptamers and aptamer-binding proteins (ABPs).
The aptamer-ABP interaction loads sgRNA inside EVs, while

4102 | Biomater. Sci,, 2022, 10, 4095-4106

the intrinsic affinity between sgRNA and Cas9 protein med-
iates the packaging of the entire RNP complex. RNPs can be
functionally delivered by EVs, and generate high editing
efficiencies for multiplex genome editing. The aptamer com,
ABP Com, and VSV-G proteins are all necessary elements for
the functional delivery of RNPs to EVs.>® These examples mani-
fest the potential of VSV-G based EVs as inherent drug delivery
systems for CRISPR/Cas9 systems.

6. Quality control, regulations, and
limitations

Quality control is critical to the mass production of EV/exo-
somes and their clinical uses, which can be divided into three
categories. Primarily, the physicochemical properties of the
EV/exosome samples, such as size and morphology, can be
analyzed using particle size analyzers and transmission elec-
tron microscopes. The second category is the profiling of mole-
cular components including specific EV/exosome markers
including proteins, nucleic acids, and lipids, by high through-
put sequencing, mass spectrometry techniques, or lipidomic
analysis.”’° In addition, the glycomic pattern of the carbo-
hydrate molecules on the surface of EVs/exosomes has also
emerged to be an important yet underexplored aspect.®® The
third category is the activity of the EV/exosome preparations.

This journal is © The Royal Society of Chemistry 2022
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The EV activity can be defined, in a narrow term, as the uptake
rate of EVs by the recipient cells within a limited time window
(often 30-60 min) in vitro (this however does not reflect the EV
activity in vivo). Notably, a large variation in this regard can be
found between different teams or papers, depending on the bio-
metrics, quantification methods, isolation and purification pro-
cesses, etc.”" Another understudied area is the immunogenicity
of EVs/exosomes. Because EVs/exosomes have not been widely
applied in clinical practice, data about the immunogenicity of
EVs/exosomes are mostly from the study of non-primate
animals. The R&D of clinical-level EVs/exosomes shall follow the
standardized procedures of biopharmaceuticals and cell thera-
pies, as all the manipulations such as genetic engineering oper-
ations, chemical processing, or manufacturing processes may
incur immunogenicity or toxicity. The field thus urgently calls
for unified standards for the quality control of EVs/exosomes
and well-managed regulations of EVs/exosomes in clinical trials,
cosmetic uses, or any human-related applications.

7. Conclusions and perspective

Taken together, the use of CDNs for CRISPR/Cas9 delivery has
made remarkable progress in the past few decades. RV/
exosome-based CRISPR/Cas9 delivery exhibits several advan-
tages over traditional drug delivery systems in general. For
example, EVs/exosomes have higher stability in blood, allowing
the transmission over long distances. EVs/exosomes can over-
come various biological barriers and often have a natural target-
ing ability. The current consensus is that EVs/exosomes have
lower immunogenicity compared to liposomes and viruses.
Also, tissue- or cell-specific delivery of CRISPR/Cas9 tools that
minimize immune activation or unexpected off-target effects are
required. In this regard, the intrinsic targeting properties of EVs
can be harnessed, or EVs can be functionalized to confer the
targeting capability. For example, we genetically engineered exo-
somes to target chondrocyte or mesenchymal stem cells, which
showed a precise drug delivery effect in vitro and in vivo.>***%
Assembly of targeting proteins or chemical modifications of EVs
can significantly decrease the off-target effects, leading to
increased therapeutic efficacy.””> In addition, spatiotemporal
control of the CRISPR/Cas9 function could also be used to
reduce off-target effects. For example, one can use external
stimuli, such as light, to modulate the responses of EVs. Finally,
CRISPR/Cas9 tools in the mRNA format®® can also be pack-
aged within EVs/exosomes as a means of delivering CRISPR/
Cas9 tools, but only a few examples can be found in the
literature.””°® Taken together, notwithstanding that clinical
applications of EV-mediated genome therapy still face multiple
technical hurdles, a bright future awaits ahead.
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