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Extracellular vesicles (EVs) are esteemed as a promising deliv-
ery vehicle for various genetic therapeutics. They are relatively
inert, non-immunogenic, biodegradable, and biocompatible.
At least in rodents, they can even transit challenging bodily
hurdles such as the blood-brain barrier. Constitutively shed
by all cells and with the potential to interact specifically with
neighboring and distant targets, EVs can be engineered to carry
and deliver therapeutic molecules such as proteins and RNAs.
EVs are thus emerging as an elegant in vivo gene therapy vector.
Deeper understanding of basic EV biology—including cellular
production, EV loading, systemic distribution, and cell deliv-
ery—is still needed for effective harnessing of these endogenous
cellular nanoparticles as next-generation nanodelivery tools.
However, even a perfect EV product will be challenging to pro-
duce at clinical scale. In this regard, we propose that vector
transduction technologies can be used to convert cells either
ex vivo or directly in vivo into EV factories for stable, safe mod-
ulation of gene expression and function. Here, we extrapolate
from the current EV state of the art to a bright potential future
using EVs to treat genetic diseases that are refractory to current
therapeutics.
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EV BIOGENESIS AND THERAPEUTIC DELIVERY
POTENTIAL
All eukaryotic cells release an abundance of extracellular vesicles
(EVs): membrane-bound nanoparticles that are roughly spherical
and range in diameter from around 50 to 500 nm.1 EVs are
diverse, categorized not only by size but also by cell of origin,
mode of release, molecular composition, and function. Classical
EV subtypes like “ectosomes” (plasma membrane origin) and
“exosomes” (endosomal origin) may be important at the cell
biology level but belie incredible diversity and are difficult to
distinguish after they leave the cell.2 EVs are thought to function
in cell-to-cell communications by delivering nucleic acids, pro-
teins, small molecules, and lipids between cells,3 but other modes
of interaction can also be envisioned.

Notably, these molecules have been observed to retain their function
in recipient cells following being transported in EVs, suggesting that
EVs containing active proteins, RNAs, proteins, or DNAs can alter
the biology of cells that are distant from the EV producer cells. These
Mo
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characteristics confer unparalleled potential to EVs in terms of
safety and biocompatibility; as such, they have been the subject of
extensive experimentation and captured the interest of both the
public and private sectors.4 To date, several therapeutic biomole-
cules have been repeatedly loaded in EVs and delivered to target
cells and experimentally validated in both in vitro and in vivo
models.
LOADING THERAPEUTIC RNAs INTO EVs
RNA therapeutics offer distinct advantages over zinc finger or
CRISPR therapeutics, as RNAs function by endogenous cellular
pathways in a transient manner and are programmable and thus
relatively easy to engineer for specific diseases, and are generally
not immunogenic, as is unfortunately the case with many of the
emerging recombinant protein technologies. Various RNA bio-
types with biological functions and therapeutic potential, such as
small interfering RNAs (siRNAs), have been discovered and inves-
tigated, leading to the development of new classes of therapeutic
drugs.5 RNAs can be used to impart short-term transient and
longer-term epigenetic silencing, which is based on the target,
e.g., targeting gene promoters can induce transcriptional gene
silencing.6 Notably, mRNA-based vaccines are also now being
used effectively to combat the COVID-19 pandemic.7 However,
although therapeutic RNAs can be rapidly altered and produced,
they must reach their intended target to be effective. For example,
lipid nanoparticles (LNPs) are used in the Pfizer-BioNTech
COVID-19 vaccine and for treatment of polyneuropathy targeted
to the liver, but these approaches may be cytotoxic, unstable in cir-
culation, and unsuited for delivery to other tissues.8 Moreover,
cellular and subcellular delivery of RNA-based drugs is also a
formidable challenge, with less than 1% of payloads reaching the
cytosol of the cell.9 Potentially, packaging these RNAs into EVs,
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which naturally carry RNA, could be a safer and more physiolog-
ically targeted approach. As such, several attempts have been made
to integrate RNA species in EVs and optimize packaging and
release efficiency.

PACKAGING mRNAs INTO EVs
While EVs are emerging as a promising delivery system, it has proven
challenging to effectively load therapeutic cargo into EVs. EVs can be
loaded naturally during biogenesis or following EV isolation using
physical or chemical methods. Electroporation has been used to
load nucleic acids into EVs; however, this deteriorates the intrinsic
properties of the EV membrane and causes extensive EV loss.10 As
such, the most common method for mRNA loading into EVs is to
transfect EV-producer cells with plasmids encoding the therapeutic
mRNA. The resulting high concentration of cytoplasmic mRNA is
sufficient to cause packaging of mRNA into EVs, perhaps because
EVs have been found to functionally export cellular components
that are in vast surplus.11 Villamizar et al. transfected mesenchymal
stem cells (MSCs) with a plasmid encoding for a zinc finger transcrip-
tion factor targeted to the CFTR gene promoter for the treatment of
cystic fibrosis (called CFZF). The high expression of CFZF, resulting
from the plasmid’s CMV promoter, was sufficient to detect both
CFZF mRNA and protein in the isolated EVs.12 To increase the
RNA loading output, Kojima et al. loaded catalase mRNA into EVs
using a loading system called EXOtic,13 consisting of a plasmid
construct encoding for CD63, a common transmembrane protein,
plus the L7Ae archaeal ribosomal protein that selectively binds to
the C/D box RNA structure. Next, they introduced the C/D box
into the 30 UTR of the catalase gene. When producer cells were trans-
fected with these constructs, catalase mRNA was efficiently packed
into EVs and transferred to target cell in vitro.13 A tricistronic plasmid
encoding for three genes involved in exosome biogenesis (STEAP3,
SDC4, L-aspartate oxidase) was also used with the EXOtic system
to increase EV release. Introduced into mouse models of Parkinson’s
disease, these EVs transgressed the blood-brain barrier and reduced
reactive oxygen species in targeted cells in the brain. A constitutively
active mutant of gap junction protein Connexin 43 (Cx43) was also
included. This protein is responsible for forming gap-junction struc-
tures after fusion of two connexon hemichannels, allowing for cellular
intercommunication and transfer of materials.14 It is also the most ex-
pressed Cx protein and is naturally present in EVs as hexamers orga-
nized in hemichannel structures.14,15 This protein was engineered
into the EV construct and found to increase the release efficiency
EV cargo into recipient cells upon contact.12,16 Indeed, CD63-fused
L7Ae appears to require co-transfection of the booster tricistronic
plasmid, Cx43, and a LAMP2b-fused brain targeting module to trans-
fer nluc-C/D box mRNA.

Another method for loading RNA into EVs is to generate lipid-coated
RNA particles and integrate these into purified EVs through mixing-
induced partitioning.17,18 As expected, this process leads to a slight in-
crease in EV size and a decrease in EV numbers, but it is efficient and
accurate (>90%).19 However, the purification and need to pre-coat
RNA with lipids introduces expense and time constraints. Therefore,
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while this process can be used for research purposes, it may prove
challenging to scale for clinical or commercial applications.

PACKAGING SMALL HAIRPIN RNAs (shRNAs),
miRNAs, AND CIRCULAR RNAs (circRNAs) INTO EVs
MicroRNAs (miRNAs) are well known to be loaded in EVs and to
functionally modulate gene expression in other recipient cell types.20

This could be by direct interactions with Argonaut 2 (AGO2), which
has been found to be packaged into EVs.21 Alternatively, particular
proteins, such as YBX1, have been implicated in loading particular
miRNAs into EVs,22 while others have suggested that there may
not be a specific motif or pathway involved in miRNA recruitment
into EVs.23 Yet others have found that there does not appear to be
a specific miRNA packaging system for loading these RNAs into
EVs.24 Due to their relatively large range of target genes, miRNAs
can significantly alter the phenotype or gene expression of a cell,
and therefore they can be a high-value cargo with the potential to pro-
mote, trigger, or treat diseases. Simeoli et al. were among the first to
describe an endogenous pathway of EV-mediated miRNA transfer
from neurons to macrophages in presence of capsaicin.20 Capsaicin
incubation or nerve injury causes an increase in expression of
miRNA-21 andmilk fat globule-EGF factor 8 proteinMFG-E8, a pro-
tein responsible for macrophage uptake. The authors demonstrated
that EVs derived from capsaicin-treated neurons were taken up
more readily by macrophages than the untreated control and pro-
moted inflammatory 13phenotypes and repression of miR-21 target
genes in macrophages. Activated macrophages were more likely to
move toward sites of injury where the EV-releasing neurons are situ-
ated, thus demonstrating the existence and importance of EV-medi-
ated intercellular communication mediated by miRNAs.20 EV-trans-
ferred miRNAs have also been implicated in cancer by promoting
metastasis, drug resistance, proliferation, and inflammation.25

As demonstrated by the existence of EV-loaded miRNA communica-
tion pathways, miRNAs seem to be preferentially loaded in EVs rela-
tive to other RNA types, suggesting that an endogenous loading sys-
tem exists within cells. AGO2 is an RNA-binding protein that binds
miRNA and may be responsible for miRNA loading in EVs.26 Due to
their profound regulatory potential and natural occurrence in EVs,
miRNA and AGO2-binding shRNAs appear to be great candidates
for EV therapeutics.

Another class of regulatory RNAs that have been observed in EVs are
circRNAs.27 circRNAs are a class of single-stranded circular non-cod-
ing RNA resulting from the back splicing of exons in mRNAs.28,29

Some genes have been observed to express several times the amount
of circRNA compared with the protein-coding mRNA, suggesting an
important functional role, which includes transcription regulation by
absorbing miRNAs, interaction with proteins, competition with pre-
mRNA splicing, and, more rarely, as templates for protein transla-
tion.30 The lack of 50 and 30 ends protects the circRNAs from degra-
dation by exonucleases, which ultimately confers a longer lifespan of
these transcripts in the cytoplasm compared with other RNAs.31 This
is also confirmed by the negative relation between cell proliferation
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and circRNA concentration, allegedly because circRNAs can be
diluted to daughter cells after proliferation. Recently, functional
circRNAs were found to be loaded into and transferred to recipient
cells by EVs. The ratio between circRNA and linear RNA in EVs is
higher than in the producer cells, indicating an endogenous sorting
mechanism.32 Some circRNAs are highly expressed in cancer cells,
and EV-packed circRNAs are demonstrated to be partially respon-
sible for the proliferation of various cancers; as such, exosomal
circRNAs (exo-circRNAs) have been considered important primarily
as biomarkers for screening of cancer in early onset.32,33 However,
due to their increased stability, circRNA can be packaged into EVs
and transferred to target cells, where they may support protein trans-
lation for longer than a typical mRNA.34 Notably, circRNAs can be
engineered with an internal ribosome entry site (IRES) to express pro-
teins of interest.34 As circRNAs persist longer than linear RNAs, this
may be one approach to generating enhanced long-term protein
expression. Such an application would be especially useful in vaccine
treatments to extend the exposure time of antigens to the immune
system or, generally, to produce the most protein out of a therapeutic
dose. While naturally occurring open reading frame (ORF)-possess-
ing circRNAs are a minority in cells and have yet to be proven capable
of translation, attempts have been made to engineer circRNAs with
coding capacity.35 Wesselhoeft et al. achieved robust expression of
luciferase, EGFP, erythropoietin, and CRISPR-associated endonu-
clease 9 (Cas9) upon transfection of a self-splicing intron-induced
circRNA into HEK293 cells.34 Qu et al. created a circRNA encoding
the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
spike protein and performed in vivo experiments in mice to test the
immunization capacity of circRNA vaccines encapsulated in
LNPs.36 Mice treated with these particles produced antibodies and
T cell responses similar to those of counterparts treated with a linear
mRNA.36 Overall, these results suggest that circRNAs make more
proteins than linear mRNAs and therefore may improve the general
efficacy of mRNA therapies and may prove useful in vaccine ap-
proaches and in treating cancer and infectious and genetic diseases.
Ideally, such therapeutic circRNAs could be engineered to code for
therapeutic proteins and be specifically loaded into EVs for long-last-
ing expression of proteins in target cells.
PACKAGING PROTEINS INTO EVs
While the EXOtic system allows for packaging protein-coding
mRNAs into EVs, others have developed a means of loading unbound
therapeutic proteins into EVs. CRY2 is a plant protein that changes
conformation upon exposure to blue light, and CIBN is a truncated
version of CIB1, a protein with affinity for CRY2 in its excited
form.37 CIB1 was attached to the cytosolic tail of EV marker CD9
and CRY2 to reporter proteins such as mCherry and GFP.38 This sys-
tem, named EXPLOR, was demonstrated to cause loading of the
cargo-CRY2 into EVs by reversible binding to CIB1 when producer
cells are exposed to blue light. In the absence of blue light, however,
the cargo-CRY2 complex was freely available in the isolated EVs. Us-
ing this approach, Choi et al. successfully loaded Cre recombinase and
the nuclear factor kB (NF-kB) pathway suppressor srIkB into EVs.39
Based on this model, Osteikoetxea et al. tested whether the Cas9 pro-
tein could be loaded into EVs and compared it with three other
similar loading systems based on heterodimerization upon exposure
to an activating stimulus.40 These were PHIB and PIF6, which interact
upon exposure to 630 nm light, and the small molecule phycocyano-
bilin, engineered VVD proteins with nanomagnets that interact in
presence of blue light, and finally FKBP and FRB, which interact in
the presence of the small molecule rapamycin. The group demon-
strated that loading with CRY2-CIB1 resulted in the highest concen-
tration of Cas9 in EV fractions, reaching more than 20 Cas9 mole-
cules per EV.40 A noteworthy observation of this study was the data
suggesting that engineering of MysPalm for protein cargo delivery
appears to be more advantageous compared with engineering to tet-
raspanin markers such as CD9. Two possible reasons for this obser-
vation are (1) the conjugated domain may not be folded correctly
in the endoplasmic reticulum (ER) when bound to a membrane pro-
tein, or (2) it could interfere with the positioning of CD9 to its natural
site in the EV membrane. Supporting this notion is the observation
that conjugated Cas9s were only 30%–50% as active as wild-type
(WT) Cas9, indicating that these loading systems reduce the efficacy
of gene editing.40 This is relevant, as the efficacy of future therapeutic
EVs will depend on the amount of active therapeutic proteins deliv-
ered to target cells.

Another highly innovative method for loading proteins into EVs
involved modifying cargo proteins with a WW tag that is recognized
by Ndfip1, an L-domain-containing ubiquitin ligase that ubiquiti-
nates the cargo protein, leading it into EVs during biogenesis.41 Un-
like the CRY2 system, the WW tag attached to Cre was as efficient
as the WT protein in performing its function. WW-Cre was func-
tional after EV-mediated delivery to recipient cells, and WW-Cre
loading into EVs occurred in a Ndfip1-dependent manner.41 This
method neatly exploits the cell’s endogenous budding and protein
loading system that could be expanded to load therapeutic proteins
into EVs (Figure 1). This system presents some advantages
compared with the CRY2-CIB1 loading method. First, the WW
domain is substantially smaller than the CRY2 protein, measuring
only �40 residues compared with the 593 residues of human
CRY2. It could be argued that larger conjugated proteins pose a
higher risk of interfering with the function of the cargo protein,
thus limiting therapeutic effect. This occurred in a study by Ostei-
koetxea et al., whereby CRY2-Cas9 had only 50% editing potential
compared with WT Cas9, whereas WW-Cre was as effective at re-
combining DNA as its WT version.40 Second, because the WW sys-
tem utilizes a pathway already present in cells, it requires minimal
manipulation of producer cells, which only need to be transfected
with the WW-protein therapy for effective EV loading. Since pro-
ducer cells would already require transfection of the therapeutic
protein, the WW system upregulates protein loading without addi-
tional cell modifications, although overexpression of Ndfip1 posi-
tively correlates with WW-Cre ubiquitination. Lastly, the WW
domain occurs naturally in other human proteins and therefore pre-
sumably poses a lower risk of immunological reaction compared
with plant-derived CRY2-CIB1. Both systems are advantageous to
Molecular Therapy Vol. 31 No 5 May 2023 1227
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Figure 1. Endogenous and engineered EV pathways
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EVs packaged with RNA, protein, and potentially even DNA payloads, and these shed EVs can be taken up by target cells where their payloads are released.
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other protein loading systems, as the protein is free in EVs and
directly delivered to the cytoplasm of target cells.

MANUFACTURING EVs FOR THERAPEUTIC USE
Although several ongoing clinical trials involve EVs, so far, no EV
therapies have entered the market.42 Part of the reason for this may
be found in the inadequacy of production and purification processes
for manufacturing EVs on a large scale43 and because amajority of the
current literature focuses on developing new EVs and proving their
potential with in vitro and in animal studies, with little emphasis or
understanding as to what is required for translating EV therapeutics.

EVs can be engineered to carry therapeutic molecules, such as pro-
teins or RNAs, and many studies are ongoing to optimize their ther-
apeutic potential by increasing EV production and release from pro-
ducer cells, improvements in cargo loading efficiency, increased tissue
tropism, and a boosting of cargo release to target cells (Figure 1). EV
biogenesis initiates with the generation of early endosome by inward
budding of the cell membrane followed by another inward budding of
the endosomal membrane to create intraluminal vesicles (ILVs) (Fig-
ure 1). The ILVs are then either degraded by fusion with the lysosome
or secreted through the endosomal sorting complex transport
(ESCRT)-dependent pathway or ESCRT-independent pathway.44,45
1228 Molecular Therapy Vol. 31 No 5 May 2023
The biogenesis of EVs is orchestrated by several ESCRT proteins
and proteins involved in vesicle formation and budding; as such,
silencing or promoting expression of these protein may increase the
quantity of EVs released by the producer cells. This may be relevant
to increase the efficiency of EV production from the producer cells
and reduce costs in the manufacturing of therapeutic EVs. Colombo
et al. assessed whether the silencing of several EV biogenesis-associ-
ated proteins could lead to higher EV numbers. The researchers
developed shRNA targeted to CHMP4C, VPS4B, ALIX, and VTA1,
four ESCRT genes involved in EV biogenesis and observed that the
combination of VPS4B and CHMP4C-shRNAs, LIX and VTA1
shRNA increased the quantity of released EVs by more than 50%.46

CHALLENGES AND FUTURE PROSPECTS FOR EV
THERAPEUTICS
The majority of experimental publications involving EVs report ex-
tracting the EVs from cells supernatant through ultracentrifugation
at 100,000 � g and filtration through 0.22 mm filters. These isolated
EVs are then used for various studies, including in vivo assessment.
However, this approach is onerous, produces heterologous popula-
tions of EVs, and may prove challenging to translate clinically. More-
over, the relative short 1/2 life of less than 48 h in vivo11 indicates that
multiple EV administrations would be required as a therapeutic
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strategy. An alternative approach would be to engineer cells, directly
in vivo, to produce EVs with defined therapeutic payloads. One can
envision perhaps using stealth lentiviral vector systems47 or adenovi-
ruses to in vivo transduce cells and convert them into therapeutic EV-
producing factories. Alternatively, ex vivo transduction of immune
cells, converting them into EV-producing factories, could be em-
ployed, similar to what is currently done with chimeric antigen
(CAR) T cell therapeutics.48 While safety will be a concern, such an
approach could skirt the issue of manufacturing and batch variation
issues that plague current in vitro EV systems. Added layers of safety
for in vivo engineering cells as EV factories could be instilled by using
tissue-specific promoters,49–51 selecting disease-specific therapeutic
RNAs, or targeting long non-coding RNAs involved in regulating
particular genes of interest that only target the disease genes and
not host genes.52 Safety can also be imbued by the use of a suicide
gene, such as cetuximab (Erbitux), which can recognize and impart
cell death specifically on those cells expressing truncated EGFR and
is routinely used clinically in CAR therapies to treat cancer.53 Lastly,
perhaps next-generation therapeutics, such as using a hybrid inte-
grating LNP approach or an LNP/adenovirus approach may prove
useful in converting liver cells in vivo, for instance into therapeutic
EV factories. Regardless, one fact is clear: EVs are emerging as a
unique delivery vehicle that is sufficiently varied from LNPs and vec-
tor-based systems, which will no doubt change the current trajectory
of gene and cell therapeutics and harken a bright future to treat
various diseases. The question, however, is not if, but when.
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