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Exosome-mediated delivery of gene vectors for
gene therapy
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Gene vectors are nucleic acids that carry genetic materials or gene editing devices into cells to exert the
sustained production of therapeutic proteins or to correct erroneous genes of the cells. However, the cell
membrane sets a barrier for the entry of nucleic acid molecules, and nucleic acids are easily degraded or
neutralized when they are externally administered into the body. Carriers to encapsulate, protect and
deliver nucleic acid molecules therefore are essential for clinical applications of gene therapy. The
secreted organelles, exosomes, which naturally mediate the communications between cells, have been
engineered to encapsulate and deliver nucleic acids to the desired tissues and cells. The fusion of exo-
somes with liposomes can increase the loading capacity and also retain the targeting capability of exo-
somes. Altogether, this review summarizes the most recent designs of exosome-based applications for
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gene delivery and their future perspectives in gene therapy.

1. Introduction

Gene therapy is a form of therapy that treats genetic diseases
by introducing genetic materials such as the expression system
of a therapeutic protein or an editing tool to correct the erro-
neous gene in the diseased cells."” The advancement of this
field has brought hope to the treatment of previously incurable
diseases, such as genetic disorders,® cancers,” and auto-
immune diseases.” To date, at least 943 clinical trials of gene
therapy have been undertaken worldwide.
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Exo-DNA

Fig. 1 Schematic illustration of exosome-mediated gene delivery strategies. Functionalized exosome encapsulated gene vectors, such as AAV, DNA
and mRNA, deliver to target cells and exert functional therapies by translating into proteins, RNA interference, genome editing, etc.

Delivery is essential for gene therapy. The cell membrane
sets an impermeable barrier to the negatively charged nucleic
acids. Also, genetic materials are fragile in the human body, so
they must be protected to take effect. mRNAs and viral or non-
viral plasmid DNAs are commonly the genetic materials used
in gene therapy. For example, the adeno-associated virus (AAV)
vector is popularly used.® However, the AAV vector induces a
host immune response, which results in the rapid degradation
or neutralization of the vector and seriously compromises its
efficiency for gene therapy.”® Encapsulation in nanostructures,
such as exosomes, protects the AAV vectors from the host
immune system and delivers them into cells across the plasma
membrane.”'° This review describes the development of exo-
somes as a carrier for encapsulation and delivery of gene
vectors to cells and the related disease treatment (Fig. 1). The
pros and cons of exosomes as carriers for various genetic
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materials, strategies to engineer exosomes for increased
loading and delivery, and methods to maximize the production
of gene-loaded exosomes, together with the future perspectives
on exosome-mediated targeted gene therapy, will be discussed.

2. Gene therapy

The history of gene therapy dated back to the 1960s, when
Joshua Lederberg first presented the concept and laid the
foundation for treating diseases with genes.'' In 1972, gene
therapy was formally proposed and accepted as a therapeutic
method for genetic diseases in humans.'” In 1989, the
National Institutes of Health approved the first clinical trial of
gene therapy which used retrovirus labeling to detect tumour
homing in vivo."* This study demonstrated that human cells
can be genetically engineered in vitro and then be returned
safely to the patient’s body."? The first successful clinical study
of gene therapy in vivo was reported in 1995."* Autologous leu-
kocytes from patients with severe combined immune
deficiency syndrome (SCID) were corrected by retrovirus reinfu-
sion. However, further development of gene therapy experi-
enced setbacks due to adverse effects caused by the adeno-
virus-induced lethal immune response and malignancy. The
advent of viral vectors (such as lentivirus and AAV) and gene-
editing tools has overcome the drawbacks and broadened the
applications of gene therapy since then. To date, 943 clinical
trials of gene therapy have been launched worldwide. Initially
used only for genetic disorders, now gene therapies have
extended in the treatment of cancers, infectious diseases,
cardiovascular diseases, and autoimmune diseases.”” "’ Since
the China Food and Drug Administration (CFDA) approved the
first-ever gene therapy product Gendicine (recombinant

This journal is © The Royal Society of Chemistry 2021
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Table 1 Gene therapy products and clinical trials
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Approval Approval
Products  Organization time Diseases Working principles Bottleneck
Gendicine CFDA 2003 Head and neck squamous-cell ~ Recombinant human p53 adenovirus'®  High immunogenicity*
carcinoma (HNSCC)
Glybera EMA 2012 Lipoprotein lipase deficiency Adeno-associated virus (AAV) carries the 1. Immune response
(LPLD) functional LPL gene'® 2. Low packaging
capacity
3. Random vector
genome insertion®®
Imlygic FDA 2015 Melanoma Using Oncolytic, engineered herpes Immune response®’
virus to anticancer”’
Zalmoxis ~ EMA 2016 Leukemia and lymphoma Treatment with donor T cells were Immune response”
genetically modified to express the
herpes simplex thymidine kinase
(HSV-TK) suicide gene21
Strimvelis EMA 2016 ADA-SCID Using retroviral vector to insert a 1. Immune response
functional copy of the gene ADA to 2. Random vector
CD34 + cells** genome insertion®®
Spinraza  EMA 2016 Spinal muscular atrophy Using an antisense oligonucleotide to Unstable molecules®
alter the splicing of the survival motor
neuron (SMN) gene*?
Kymriah ~ FDA 2017 Non-Hodgkin’s lymphoma Chimeric antigen receptor T-cell 1. Immune response
(NHL) immunotherapy targets CD19 antigen®* 2. Lack of targetable
tumour-specific surface
antigens
3. Tumour cell
heterogeneity®®
Luxturna  FDA 2017 Leber congenital amaurosis Using AAV to deliver normal human 1. Immune response
RPE65 gene to retinal cells* 2. Low packaging
capacity
3. Random vector
genome insertion®®
Yescarta FDA 2017 Diffuse large B-cell lymphoma  Chimeric antigen receptor T-cell 1. Immune response
EMA 2018 (DLBCL); primary mediastinal ~ immunotherapy targets CD19 antigen®® 2. Lack of targetable
large B-cell lymphoma tumour-specific surface
(PMBCL) antigens
3. Tumour cell
heterogeneity>’
Zynteglo EMA 2019 Trans-fusion-dependent Autologous CD34 + cells encoding 1. Immune response
thalassemia BA-T87Q-globin gene in vitro using a 2. Random vector
lentiviral vector®” genome insertion®®
CTX001 FDA 2019 B-thalassemia and sickle Using the CRISPR gene-editing N/A
anemia technology to increase the production
of fetal hemoglobin in patients’ red
blood cells
EDIT-101  FDA 2017 Leber congenital amaurosis 10  Eliminating a mutation in the N/A

N/A, not available.

human p53 adenovirus) to treat head and neck squamous cell

3.

CEP290 gene using CRISPR

Exosome-associated AAV vectors

carcinoma (HNSCC) in 2003, nine products have been
approved by the European Medicines Agency (EMA) and the
United States Food and Drug Administration (FDA)
(Table 1).'%7%°

The development of CRISPR-Cas9 gene editing technology,
known as the “magic scissors” of DNA, has markedly spurred
the development of gene therapy.’°! Scientists can now
efficiently and accurately change, delete, or replace the genes
of plants,**® animals,>”*®* and even humans.?* Two CRISPR-
based therapeutics have entered clinical trials: CTX001 to treat
rare genetic diseases, f-thalassemia and sickle anemia, and
EDIT-101 to treat Leber congenital amaurosis 10, a rare inher-
ited eye disease that causes blindness.*®

This journal is © The Royal Society of Chemistry 2021

for gene therapy

Based on the source, gene delivery carriers can be categorized
as viral or non-viral systems (Fig. 2). Virus-mediated gene deliv-
ery systems use modified viruses that are replication-deficient
but can deliver DNA for expression, including adenoviruses,
retroviruses, and lentiviruses.*! Traditional non-viral vehicles
include micelles,*>** liposomes, dendrimers,***> and carbon
nanotubes.’® Recently, extracellular vesicles secreted by cells,
especially exosomes, have been used as non-viral vehicles for
gene delivery and show features including high biocompatibil-
ity, low clearance rate, and amenability for cell-targeted
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Fig. 2 A summary of gene delivery carriers. Current gene delivery carriers contain three major categories: non-viral vectors, viral-vectors, and com-
bined hybrid vectors. Commonly used non-viral vectors include synthetic vectors, such as lipid nanoparticles, polymer nanoparticles, and dendri-
mers, and biological vectors, such as exosomes. A hybrid gene delivery system based on exosome-associated AAV (Exo-AAV). Most synthetic vectors
mainly enter endosomes and later lysosomes. Exosomes and Exo-AAVs enter cells via multiple pathways, such as membrane fusion and various
types of endocytosis pathways such as phagocytosis, macropinocytosis, and lipid raft-dependent and clathrin-/caveolin-mediated endocytosis.

delivery.””° Hybrid gene delivery technologies, such as the
exosome-AAV hybrid, combine the virus vectors with non-viral
vehicles and show significantly reduced immunogenicity.”">*
In this review, we focus on gene delivery carriers based on viral
vesicles and exosomes.

3.1 AAV vectors

Adeno-associated viruses (AAV) are small viruses that infect
humans and some other primate species. A single-stranded
AAV DNA with a genome size of 4.7 kb encoding three genes,
Rep (Replication), Cap (Capsid), and aap (Assembly), is packed
as an icosahedron. The two ends of the genes are inverted
terminal repeats (ITRs). In recombinant AAV (rAAV) used as a
gene vector, all the viral protein genes have been deleted, and
only the terminal ITR sequences associated with viral replica-
tion and packaging are retained. Therapeutic transgenes and
regulatory elements are inserted between the ITRs. Deleting
the viral protein gene maximizes the transgene capacity of AAV
and reduces immunogenicity and cytotoxicity. Because the
rAAV vector does not express the REP protein, its ability to inte-
grate into the host genome is significantly reduced.
Furthermore, the rAAV genome may form a long-standing cir-
cular tandem in the nucleus, thus realizing long-term trans-
gene expression. Unlike lentiviral vectors, adenoviral vectors,
retrovirus vectors, and other commonly used viral vectors, AAV

1390 | Nanoscale, 2021,13,1387-1397

vectors do not produce harmful infections without a helper
virus. Therefore, AAV has become the primary vector in these
applications because of its low immunogenicity, low gene tox-
icity, diverse capsid proteins, long duration of action, and ease
of production.

3.2. Exosomes for gene delivery

Exosomes are lipid bilayer-enclosed vesicles of 40-160 nm in
diameter that circulate in the extracellular environment. They
originate from the internal budding of the late endosomal
membrane and are released by all cell types. Therefore, exo-
somes are natural carriers for cell-cell communication. This
feature then allured researchers to develop exosome-based
drug delivery systems. Compared with other gene delivery
systems, exosomes are advantageous due to the following
reasons. First, exosomes are versatile carriers. A variety of bio-
logical cargos such as small RNAs, mRNAs, and proteins can
be encapsulated and delivered by exosomes. Second, exosomes
possess the natural capacity of traversing biological barriers,
for example the blood-brain barrier. They can also migrate
into the tissues or areas with no blood supply, e.g. the dense
cartilage matrix. Furthermore, after arriving at the target
tissue, exosomes can remain there for a long period of time;
the low clearance rate can be ascribed to the biocompatibility
of exosomes. Another important feature is that exosomes are

This journal is © The Royal Society of Chemistry 2021
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also genetically engineerable. Multiple purposes can be
achieved by engineering the surface proteins of exosomes, for
example, cell or tissue-targeting peptides can be appended on
the surface of exosomes to realize selective targeting to specific
tissues and avoid unwanted accumulation in other organs,
thus decreasing systemic toxicity. Studies have demonstrated
that exosome-based targeted gene therapies can enhance both
therapeutic efficacy and safety. For example, we engineered an
exosome-based chondrocyte-targeted miRNA delivery system
for cartilage defect repair.”® In this work, a chondrocyte-
affinity peptide (CAP) was expressed on the surface of exo-
somes, and miR-140 was loaded inside the exosome. Intra-
articular injection of the CAP-exosome/miRNA composites
showed selective and long-term enrichment in the cartilage
and a significant increase of therapeutic efficacy toward carti-
lage defect as compared to miRNA encapsulated in exosomes
without surface modification.

3.3 Exosome-associated AAV for gene therapy

Association with exosomes can alleviate the toxicity and miti-
gate the rapid clearance of AAV vectors. AAV vectors suffer from
drawbacks such as rapid clearance by neutralizing anti-AAV
antibodies in the body and off-target delivery (often to the
liver). Maguire et al. demonstrated in 2012 that a fraction of
AAV vectors is associated with microvesicles/exosomes.>* AAV
capsids were found to associate on the surface and in the

PAAV-MCS

pHeIperQ pAAV-Rep/Cap

lCel lysis

@

lodixanol gradient ' @
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interior of microvesicles under an electron microscope.
Exosome-associated AAVs (Exo-AAVs) purified from cell
medium (Fig. 3) outperformed conventionally purified AAV
vectors in transduction efficiency. One marked problem of the
AAV vector is that it induces a potent long-term humoral
response, including neutralizing antibodies (NAbs), which
bind with the AAV vectors and inhibit the transduction, and
non-Nabs, which flag the virus. Therefore, NAbs adversely
affect the efficacy of AAV-mediated gene therapy and the AAV
vector distribution and safety.’® In contrast, exo-AAVs are more
resistant to neutralizing anti-AAV antibodies as compared to
the conventional AAVs. This has been experimentally proven.
Exosome-associated AAV vectors were much more resistant to
NAbs than AAV both in vitro and in vivo and AAV9Ex0o-SERCA2a
outperformed the conventional AAV vectors in preserving
cardiac functions both in the presence and absence of Nabs.*®
Ex0-AAV8 gene delivery also decreased the therapeutic dose of
the vector and achieved efficient transduction even in the pres-
ence of moderate NAb titers.”” Exo-AAVs also showed higher
transduction efficacy in the central nervous system and audi-
tory and vestibular systems.>">*

The association of AAV with exosomes also achieves tar-
geted delivery. In one example, magnetic targeting can be rea-
lized by expressing a biotin acceptor peptide with a transmem-
brane receptor (BAP-TM) on their surface by transducing 293T
cells with a lentivirus encoding BAP-TM. The vector-exosome

(T T A
e~
oa%® )
A

)

Exo-AAV

Centrifugation
Concentration >>

Standard AAV

Fig. 3 Schematic diagram showing the different procedures for the production and purification of Exo-AAVs (upper) and AAVs alone (lower),
respectively.>* Exo-AAVs are harvested from cell medium and purified by differential centrifugation, whereas AAVs are purified from cell lysates by

iodixanol density gradient and ultra-centrifugation.

This journal is © The Royal Society of Chemistry 2021
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complexes, termed vexosomes by the authors, were then bioti-
nylated by a biotin ligase enzyme BirA. The biotinylated
vector-exosome complexes then bind with streptavidin-functio-
nalized magnetic beads, and can be guided by a magnetic
field.>® The genetic fusion of a rabies virus glycoprotein (RVG)
peptide with the platelet-derived growth factor receptor trans-
membrane domain results in Exo-AAVs that can deliver cargoes
to the brain more efficiently than untagged EV-AAVs.* Similar
strategies can be used to develop Exo-AAVs for myocardial gene
delivery,>®>%0

The production of Exo-AAVs is also less costly. Compared
with the complex purification protocol of AAVs, the purifi-
cation of Exo-AAVs can be simply done by pelleting using ultra-
centrifugation (Fig. 3).°' In addition, it has also been shown
that overexpression of CD9 can enhance the production of Exo-
AAV which increased the hope to further reduce the cost of
Ex0-AAVs for clinical trials.®* These benefits make Exo-AAV a
promising platform for gene therapy. Here we summarize in

Table 2 the reported Exo-AAV systems for gene
therapy.51’52’54’56_61’63_65

4. Exosome-mediated delivery of
CRISPR-Cas9

Guided by the CRISPR sequence, the Cas9 enzyme can edit
genomic DNA with unprecedented precision, efficiency, and

Table 2 Exosome associated-AAV for gene delivery
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flexibility in the cells. However, the CRSPR-Cas9 system
designed ex vivo needs to be delivered into the targeted cell
and organisms for gene therapy. The delivery of the
CRISPR-Cas9 system can be enabled by physical interaction,
chemical modification, and biological carriers. The
CRISPR-Cas9 system can be delivered into the cell through a
transient gap in the lipid bilayer caused by physical methods
such as electroporation, hydrodynamic injection, membrane
deformation, and others. Although simple and easy to
perform, irreversible physiological damage can be caused to
the cell membrane. Chemical modification of CAS9-sgRNA will
also enable its delivery to the cells or biological carriers such
as bacteriophages, viruses, and extracellular vesicles can
mediate the delivery of CRISPR-Cas systems into the cells
(Table 3).

4.1 Exosomes as carriers for CRISPR-Cas9 plasmids

Compared to viral carriers, exosomes from certain cell sources
can selectively deliver the cargo to tumor tissue.®® Kim et al.
reported that cancer cell-derived exosomes could transport the
CRISPR-Cas9 system to target tumors.”” The CRISPR-Cas9
system targeting poly (ADP-ribose) polymerase-1 (PARP-1) was
electroporated into exosomes from the ovarian cancer cell line
SKOV3 and the epithelial cell line HEK293 and delivered into
SKOV3 cancer cells and HEK293. Compared with epithelial
cell-derived exosomes, cancer-derived exosomes can selectively
accumulate in the ovarian cancer tumors of SKOV3 xenograft

Ex0-AAV constructs

Delivery target

Advantages

Ex0-AAV6-GFP, Ex0-AAV9-GFP
Ex0-AAV1-Fluc, Exo-AAV2-GFP

Brain
Cultured cells

Exo0-AAV1-GFP Inner-ear hair cells
Ex0-AAV2-GFP Murine retina
Ex0-AAV5-hF.IX, Ex0-AAVS-hF.IX Liver
Ex0-AAV9-SERCA2a Cardiomyocytes
Exo0-AAV6-mCherry, Exo-AAV9-FLuc Cardiovascular
Ex0-AAV9-FLuc Brain
Ex0-AAV6-iCasp9 Hepatocellular
carcinoma
Exo0-AAV8-GFP Lymphocytes
Exosome-associated SUMOylation Ocular

mutant AAV2

N/A, not available.

Efficient gene delivery tool in brain tissue®"*

Improved gene delivery and magnetic targeting of exosomes®*

Efficient gene delivery tool and no toxicity®®

Convenient and powerful tool for intravitreal gene transfer in vivo®
Enhanced gene transfer and liver-targeted efficacy in vivo®”

High-efficient myocardial gene delivery, minimized susceptibility to
neutralizing antibodies>®

Neutralization of anti-AAV antibodies and more efficient gene transfer for
cardiovascular therapeutics®

Brain-targeted delivery and evasion of neutralizing antibodies™°
Enhanced delivery efficiency of a suicide gene for tumour suppression®

In vivo gene modification of immune cells®
Enhanced permeation ability across the retinal layers®®

Table 3 Comparison of the different delivery vehicles for the CRISPR/Cas9 gene editing system (N/A, not available)

Exosome Lipid nanoparticle Polymer nanoparticle Dendrimer Virus
Biocompatibility Excellent Low May accumulate undesirably in the liver, spleen etc. Non-toxic Poor
Loading efficiency High N/A N/A N/A High
Targeting engineerability Yes Yes Yes Yes Yes
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mice, enhance the chemosensitivity to cisplatin and enable
the synergistic killing of tumor cells.®” This study shows that
cell tropism can guide the tumor-origin exosomes to cancer
cells, suggesting a targeting effect of tumor-specific proteins
on the surface of exosomes. Despite the tumor-targeting effect,
tumor-origin exosomes carry intracellular materials that may
promote tumor growth and progression. This then highlights
the balance of pros and cons in choosing exosomes from
different cell types for cargo carrying and delivery.
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4.2 Engineering exosomes for CRISPR-Cas9 delivery

Natural exosomes are not designed to deliver giant molecules
such as plasmids; therefore, the loading of plasmids in exo-
somes is low. Exosomes then need to be engineered to
increase the efficiency and capacity of plasmids.®®
Engineering exosomes also endows these delivery nano-
particles with the targeting capability to deliver the cargo to
specific cells or tissues. CD63 and CD9, marker proteins

Fig. 4 Encapsulating large nucleic acids in exosome or exosome-derived vesicles. Strategies to realize efficient encapsulation include (a) interaction
mediated loading of the Cas9 protein in exosomes,®*~"2 (b) enriching CRISPR-Cas9 plasmid in the exosome~liposome hybrid,”* and (c) nanoporation

to deliver mMRNA molecules into exosomes.”®

This journal is © The Royal Society of Chemistry 2021
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expressed on the surface of exosomes, are often chosen as
the target proteins for exosome engineering. For example, Ye
et al. produced engineered exosomes (M-CRISPR-Cas9 exo-
somes) that can efficiently load CRISPR-Cas9 components
through protein-protein interactions. The authors fused GFP
with CD63, and a GFP nanobody with the Cas9 protein. The
interaction between GFP and the GFP nanobody guides the
CRISPR-Cas9 system into the exosomes and increases the
loading capacity.®® The increase of gene delivery was proven
in a reporter cell line that the authors engineered. In
another example, Li et al. fused CD9 with an RNA binding
protein HuR, which is known to bind RNA molecules with
AU rich elements (AREs) such as miR-155. Engineered exo-
somes containing CD9-HuR enriched miR-155 into exosomes
and delivered the cargo into the recipient cells. The CD9-
HuR exosome can also enrich CRISPR-dCas9 that is engin-
eered with AU rich elements. 3x AREs were cloned down-
stream of the dCas9 stop codon, and this significantly
enhanced the encapsulation efficiency of dCas9 mRNA into
CD9-HuR exosomes.”® The CRISPR-dCas9 RNA was success-
fully delivered and exerted its function both in vitro and
in vivo. Recently, Gee et al. have developed a transient deliv-
ery system for therapeutic genome editing by utilizing two
homing mechanisms: Cas9 protein was recruited to the vesi-
cles by chemical induced dimerization, and sgRNA was intro-
duced to the vesicles by a viral RNA packaging signal and
two self-cleaving riboswitches. Efficient genome editing was
then achieved in various hard-to-transfect cell types, includ-
ing human induced pluripotent stem (iPS) cells, neurons,
and myoblasts.”*

4.3 Exosome-liposome hybrids for gene delivery

The nanoscale size of exosomes (40-160 nm) makes them
qualified vehicles for small therapeutic agents, such as
chemical compounds, siRNAs, and miRNAs. For large mole-
cules, such as CRISPR-Cas9 expressing plasmids with a
minimal size of 5-6 kb, the capacity of native exosomes is
still relatively low.””> Liposomes, on the other hand, are
capable of encapsulating and delivering large plasmids, but
demonstrate relatively high cytotoxicity due to the unnatural
nature of the lipids. The fusion of the lipid bilayers of the
exosomal membrane and the liposome forms an exosome-
liposome hybrid, which enables the encapsulation and deliv-
ery of large DNA molecules, such as the CRISPR-Cas9
expression plasmids, and also mitigates the toxicity problem
of liposomes (Fig. 4).”° Therefore, the exosome-liposome
hybrid expands the application scope of exosomes in drug
delivery. For example, CRISPR-Cas9-sgRUNX2 was encapsu-
lated in exosome-liposome hybrid vesicles, and delivered to
human bone marrow mesenchymal stem cells which cannot
be transfected by the liposome alone.”’ In another example,
Lv and co-workers developed genetically engineered
exosome-thermosensitive liposome hybrid nanoparticles
(gETL NPs) to deliver granulocyte-macrophage colony-stimu-
lating factor (GM-CSF) and docetaxel (a chemoimmunother-
apy drug) to large tumor nodules that cause metastatic per-

1394 | Nanoscale, 2021, 13,1387-1397
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itoneal carcinoma, a deadly disease without effective treat-
ment. The authors showed that combining the locoregional
delivery of hyperthermic intraperitoneal chemotherapy
(HIPEC) and systemic delivery of chemoimmunotherapy via
¢ETL NPs could significantly improve the disease
treatment.”*

5 Exosome-mediated mRNA delivery
for gene editing

Encapsulation of large mRNA transcripts to exosomes is a chal-
lenging task. Although native secreted exosomes contain mul-
tiple RNAs, including miRNAs, ncRNAs and fragments, most
of the fragments are small.”” Large mRNA molecules can be
transferred to exosomes from erythrocytes by electroporation,
but this process is still inefficient.’® In view of this obstacle,
Yang et al. presented an approach to generate large-scale func-
tional mRNA-encapsulating exosomes.”® In this work, a cellu-
lar nanoporation biochip with nanochannels of about 500 nm
diameter was developed. The authors transfected cells with
plasmid DNAs and stimulated the transfected cells with a focal
and transient electrical stimulus. This nanoporation procedure
promoted the release of exosomes carrying transcribed mRNAs
and targeting peptides from cells, leading to up to 50-fold
more exosomes and a more than 10°-fold increase in exosomal
mRNA transcripts, reaching estimably 2-10 intact, functional
mRNAS per exosome.

6 Conclusion and perspectives

Tissue or cell-specific delivery of the gene vectors by
designed carriers enables an advanced version of gene
therapy with reduced toxicity or risk. The carriers from cell
sources, exosomes, can mediate the delivery of various gene
therapy molecules or vectors. In particular, genetic or chemi-
cal engineering of exosomes allows cell-specific recognition
sequences to be installed on the exterior of exosomes to
guide the targeted delivery of the cargos or exosome marker
proteins can be engineered to enrich target proteins through
a designed protein-protein interaction. Besides, engineering
exosomes with nucleic acid-binding properties also will help
the encapsulation of the plasmids or vectors and enhance
the loading efficiency. Fusing exosomes with liposomes will
create vesicles that can encapsulate large plasmids or mRNA
transcripts while retaining the advantages of exosomes such
as biocompatibility and targeting capability. As an important
step towards clinical trials, progress has also been made to
realize the large-scale production of exosomes or drug-loaded
exosomes. Breakthroughs in instruments and procedures
such as nanoporation also solve the bottleneck of loading
and production. Taken together, with the advancement and
optimization of gene editing tools, the continuous develop-
ment of exosome-based carrier systems will power the tar-
geted gene therapies as accessible treatments for difficult
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Fig. 5 Potential future applications of gene therapy. Nucleic acid-based therapeutics can be packaged in Exo-AAVs, or Exo-AAVs engineered with
targeting capability can be used for gene delivery into human bodies for gene editing in vivo. Alternatively, the cells isolated from patients can be
edited by Exo-AAVs carrying gene-editing tools in vitro and then returned to the patients for disease treatment.

diseases in the future, through both the in vitro and in vivo
routes (Fig. 5).
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