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Abstract

One of the biggest challenges in adeno-associated virus gene delivery for Duchenne muscular dystrophy (DMD) is
that some patients cannot be treated due to pre-existing neutralizing antibodies. As an alternative, nanovesicles
derived from diverse human cells have emerged as highly efficient delivery vehicles for genetic materials. This is
due to their superior biocompatibility and capability to cross diverse tissue barriers. Notably, the lack of strong host
immune response was witnessed in multiple preclinical studies, as well as clinical trials recently completed using
human allogeneic nanovesicles. Engineering nanovesicles with tissue-specific ligands on the surface can also
enhance tissue selectivity, thus reducing off-target effects. Taken together, these findings raise the possibility that
this novel non-viral approach can serve as an attractive alternative to risk-prone viral-mediated gene therapy. This
review discusses the recent advances in a non-viral gene therapy approach using cell-derived nanovesicles, and
highlights their therapeutic potential in treating neuromuscular diseases, such as DMD, along with current
challenges that need to be further addressed.
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INTRODUCTION

While causative gene defects are known for many neuromuscular diseases (NMDs), development for
effective treatments remains extremely challenging. This is mainly due to the lack of safe and efficient gene
delivery vehicles". The treatment of many rare diseases (over 80% caused by monogenic mutations) is
attempted by delivering wild-type copies of defective genes to patients"”. Adeno-associated virus (AAV) has
been a choice of vehicle with several FDA-approved drugs, but this approach suffers from several major
challenges, such as safety concerns, cargo packaging limit, and exorbitant development costs'**.

Importantly, the presence of neutralizing antibodies (NAbs) and pre-existing immunity to AAV
significantly diminishes the therapeutic efficacy of gene therapy and may prevent patient access caused by
previous exposure or the possibility of administering repeated doses”. Furthermore, therapeutic
development for NMDs is financially challenging due to small patient populations and limited markets as
the majority (90%) of NMDs are classified as rare or ultrarare diseases'”. These challenges have led to costs
for approved therapy that can exceed a million dollars per patient”. Therefore, an urgent need exists to
provide affordable therapeutic options for patients with NMDs.

One alternative gene delivery vehicle to AAVs is nanovesicles, nano-sized membrane-bound vesicles either
released from cells to the extracellular space (e.g., extracellular vesicles, EVs) or derived from cells by other
means, including cell-derived vesicles (CDVs) obtained by cell extrusion or other EV mimetics'”. Derived
from various human cells, nanovesicles are increasingly recognized as effective non-viral delivery systems
for genetic materials due to their excellent biocompatibility and ability to penetrate different tissue
barriers™®'”. Notably, a growing number of studies have demonstrated that these nanovesicles can deliver
gene payloads, including small interfering RNAs (siRNAs) and large nucleic acids like mRNAs, enabling the
modulation of target genes and functional restoration in diverse tissues'".

In this review, we will delve into the latest advancements in a non-viral gene therapy approach relying on
nanovesicles derived from human cells. We will examine their potential therapeutic applications for NMDs
like Duchenne muscular dystrophy (DMD) and address the ongoing challenges that need further resolution.

CHALLENGES IN CURRENT GENE THERAPY

Safety

Exposure to wild-type AAV (highly prevalent in the general population) leads to priming of the immune
system against the virus, with the development of both humoral and T-cell immunity. These immune
responses are augmented with increasing AAV doses, resulting in more severe outcomes: 35% of 149 AAV
gene therapy clinical trials had treatment-emergent serious adverse events (TESAEs)"”. While the side
effects of gene therapy administration can be mitigated by tight monitoring and dedicated management
procedures at experienced sites, safety challenges remain. For example, the regulatory authorities often put
clinical trials on hold due to serious events, ranging from transient thrombocytopenia and complement
activation to liver failure and patient death'
genotoxicity over 10 years in dogs treated with AAV gene therapy found unique AAV integration events in

13,14

|. Moreover, a recent study observing sustained safety or

genomic DNA and clonal expansions of transduced cells, raising long-term safety concerns about AAV-
based approach"”. In a long-term follow-up study of the first-in-human intravascular AAV gene transfer
for severe hemophilia B, high-titer neutralizing antibodies with cross-reactivity to multiple serotypes
persisted for up to 15 years post-infusion"®. This contrasts with some murine, canine, and non-human
primate (NHP) studies where repeat AAV administration with different serotypes was successful. The
findings suggest that in humans, alternative serotypes are unlikely to evade the neutralizing antibodies
developed after the initial AAV vector infusion"?.
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Limited efficacy

Besides the safety issues, the limited packaging capacity of the AAV vector (~4.7 kb for conventional single-
stranded AAV) is another major hurdle, which excludes many genetic disorders with large target genes"”.
Although the partial restoration of dystrophin and clinical findings upon the use of mini- or micro-
dystrophin suggest that the limited packaging capacity has at least in part been overcome for DMD, this
remains a challenge”. The extent to which AAV can transduce different cells or tissues also varies
considerably. Virus capsid engineering through genetic and chemical modifications has overcome this
challenge of limited tropism to many important non-hepatic tissues to a certain degree. Studies have
demonstrated that mutagenesis and the insertion of high-affinity ligands, peptides, or various protein
domains can modulate natural tropism and enhance targeting specificity for the central nervous system"”,
various muscle tissues”**?, and cancer cells*”. However, these modification strategies often result in lower
transduction efficiency, poor production yield, induction of anti-polymer antibody formation, and

[24-26

eventually, production of NAbs that can recognize modified residues”**. Furthermore, the neutralizing
effect of antibodies and the pre-existing immunity to AAV significantly reduce the therapeutic effects of

gene therapy and preclude repeated dosing

[4,5]

Cost

Finally, tremendous development and manufacturing costs for AAV vectors impose a huge barrier to
patient access, particularly in rare or ultra-rare diseases with fewer patients'®”**. The first AAV gene
therapy, Luxturna (Spark Therapeutics), was approved in 2018 for inherited retinal dystrophy, with a cost of
$425,000 per eye”. Since then, several AAV gene therapies have been approved, continuously setting new
records for the most expensive treatments. When Zolgensma (Novartis) was introduced, it became the
world's most expensive drug, costing over $2 million for a one-time treatment™. Later, Hemgenix (CSL
Behring LLC) and, most recently, Beqvez (Pfizer) for hemophilia B were each priced at $3.5 million""**.
Upstaza (PTC Therapeutics) for aromatic L-amino acid decarboxylase deficiency, Roctavian (BioMarin
Pharmaceutical) for hemophilia A, and Elevidys (Sarepta Therapeutics) for DMD were similarly priced at
around $3 million®***,

UNIQUE ADVANTAGES OF NANOVESICLES

Nanovesicles derived from diverse human cells are emerging as highly suitable non-viral delivery vehicles
for genetic materials due to their superior biocompatibility, ability to carry genetic payloads, and capability
to cross diverse tissue barriers™'". In this section, we will first discuss the three most important benefits
that nanovesicles can offer to address the current challenges in gene therapy for NMDs: (1) excellent
biocompatibility that allows increased safety margin and repeat dosing; (2) highly flexible drug design that
enables diverse gene cargo loading as well as effective delivery to target tissues outside the liver or spleen;
and (3) reduced drug cost compared to AAV-based drugs that can lower the financial barrier to develop
new genetic medicine for rare disease communities, particularly NMDs.

Biocompatibility

Safety

Derived from human cells, nanovesicles are one of the most bio-friendly substances known to date, with
excellent safety profiles [Figure 1]. First, nanovesicles from a wide variety of cell sources, including stem
cells (e.g., mesenchymal stem cells), primary cells (e.g., fibroblasts), and immortalized cell lines (e.g.,
HEK293, cancer cells) from both human and animal origins, were shown to have a minimal level of toxicity
in immunocompetent animals”". Following the successful demonstration of the safety and efficacy in
preclinical models, nanovesicles have also been tested in humans. In recent years, the COVID-19 pandemic
has accelerated the development of therapeutics and vaccines to meet urgent medical needs, and
nanovesicle-based therapy is one of them. Currently, about 60 clinical trials using nanovesicles as the
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Figure 1. Derived from human cells, nanovesicles are highly bio-friendly substance with excellent safety profiles as compared to foreign
carriers. Allogeneic nanovesicles from diverse human cell sources are well-tolerated in human patients.

primary intervention are registered (www.clinicaltrials.gov), with ~30% of these trials being COVID-19-
related treatments”. Nanovesicle-based therapeutics are also being developed to treat a wide range of other
diseases, including respiratory diseases, cancer, wound healing, neurodegenerative diseases, efc., via various
routes (topical, systemic, inhalation, oral, etc.). Thus far, multiple clinical studies using nanovesicles
demonstrated that these novel carriers can be exceptionally well tolerated in humans [Table 1],

Repeated dosing advantage

Various preclinical and clinical studies have demonstrated the possibility of repeated administration of
nanovesicles without increasing safety risks or diminishing the therapeutic effects of nanovesicle-based
medicine [Table 1]. Zhu et al. conducted a comprehensive study evaluating the toxicity and
immunogenicity of both WT and engineered EVs, containing miRNA cargo®™. EVs derived from HEK293T
cells were administered via intravenous and intraperitoneal routes for a total of 10 doses over 3 weeks into
immune-competent C57BL/6 mice. Although a slight increase in neutrophils and a few cytokines were
observed in some of the EV-treated groups compared to the PBS control group, no visible signs of
abnormalities, behavioral changes, body weight changes, toxicity in organs, or appreciable immune
response were observed”™. In another study, Mendt ef al. tested clinical grade EVs derived from human
bone marrow-derived mesenchymal stem cells (BM-MSCs) and human foreskin fibroblasts (B]J cell line)™”.

In-depth histopathological evaluation and blood analyses revealed that the intraperitoneal administration of
10°-10° EVs every other day for up to 120 days did not elicit abnormal immune reactions in mice.
Additionally, the encapsulation of the siRNA payload did not affect the immune cell composition or level of
cytokines. Notably, this study also showed that thymic suppression was induced by liposome treatment, but
not by EVs. In a DMD mouse model, EVs harboring myostatin propeptide (EXOpro) were administered
weekly for up to 5 weeks™. Animals treated with EXOpro displayed accelerated muscle regeneration and
growth, resulting in significantly increased muscle mass and functional improvement, without eliciting
toxicity or immunogenicity in mdx mice'™!. Notably, the drug effect increased with multiple doses but
became less pronounced between the third and fifth injections, which appears to be due to the saturation of
EXOpro binding to mature myostatin. More preclinical findings from multiple human cell sources exist to

41,42]

support the possible use of nanovesicle-based medicine repeatedly™*.


http://www.clinicaltrials.gov
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Table 1. Preclinical/clinical studies demonstrating the safety and feasibility of repeat dosing of nanovesicles

Doses and administration

Species Nanovesicles Key results Ref.
routes
Preclinical
Wild-type C57BL/6 EVs from HEK293T st injection viai.v. and 2nd/3rd via No visible toxicity or immune response, [36]
mice (+miR-199-3p) i.p. per week for a total of 10 except a slight increase in neutrophils and
injections (10" EV per dose) over 3 a few cytokines
weeks
Wild-type C57BL/6 EVs from B) cell line  10° BJ-EVs via i.p. every other day ~ No adverse immune reactions (thymic [37]
mice or BM-MSCs for 120 days or 10° BJ-EVs or BM- depression observed from the same
(+siRNAS™) MSC-EVs every other day for 3 number of liposomes)
weeks
mdx mice EVs from NIH3T3 Weekly injection (20 mg/kg) viai.v. No overt toxicity or immunogenicity; [40]
(+myostatin for up to 5 weeks muscle regeneration accelerated and
propeptide) muscle function improved by repeated
treatment
Clinical
COVID-19 patients with EVs from BM-MSC 10 mL (0.9 x 10" EVs) or No treatment-related adverse events; 60- [44]
severe ARDS (ExoFlo) 15 mL (1.2 x 10 EVs) per dose on  day mortality rate further improved after
daysTand 4 two doses
COVID-19 patients with EVs from BM-MSC 13 mL viaiv.and 2 mL injected into  No adverse events; improved motion of [45]
idiopathic or secondary  (ExoFlo) the tissue around the facial nerve affected eyelid, brow motion, and
facial paralysis per week at weeks 1, 2, and 4. commissure over repeated treatment
COVID-19 patients with EVs from amniotic TmLviaiv.ondays O, 4,and 8 No serious adverse events; COVID-19- [46]
mild to moderate fluid (Zofin) related symptoms and inflammatory
symptoms biomarkers improved over repeated
treatment
COVID-19 patients with  EVs from amniotic TmLviaiv.ondaysO, 4, 6,and 8 No adverse events; ICU clinical status, [47]
severe multi-organ fluid (Zofin) respiratory symptoms, and inflammatory
complications biomarkers improved over repeated
treatment
Chronic kidney disease  EVs from cell-free st injection via i.v. and 2nd via No significant adverse events; [48]
patients at stage lll and  cord-blood MSCs intra-renal arteries a week after inflammatory immune reaction reduced
\% (100 ug/kg/dose) and the overall kidney function improved

over repeated treatment

Refractory ulcerative EVs from BM-MSC 15 mL via i.v. in a total of 15 doses Ongoing study (approved by FDA;

colitis or Crohn's (ExoFlo) (at days O, 2, 4, weeks 2, 6, and NCTO05176366; NCT05130983)
disease patients every 4 weeks thereafter up to
week 46)

BM-MSC: Bone-marrow-derived MSC; i.v.: intravenous; i.p.: intraperitoneal; BJ: foreskin fibroblast; ARDS: acute respiratory distress syndrome.

Multiple clinical studies have also reported positive results of repeated systemic nanovesicle administration
for various conditions without safety concerns [Table 1]**. BM-MSC-derived EVs (ExoFlo) have been
evaluated in patients with COVID-19-associated moderate to severe acute respiratory distress syndrome
(ARDS, NCT04493242, Direct Biologics, LLC). Patients were administered 10 or 15 mL of ExoFlo (0.9 x 10"
and 1.2 x 10" EV particles per dose, respectively) on days 1 and 4, and then monitored for 60 days". No
treatment-related adverse events were reported from both doses, while the high-dose treatment group
showed superior efficacy in median mortality, 60-day mortality rate, overall mortality, and ventilation-free
days. In another pilot safety study, ExoFlo was administered to seven participants with idiopathic or
secondary facial paralysis (Direct Biologics, LLC)"“. Thirteen milliliters of ExoFlo were administered
intravenously, and 2 mL was directly injected into the tissue around the facial nerve three times at weeks 1,
2, and 4. The study reported that nanovesicle treatment was effective, and no adverse events occurred.
Additionally, amniotic fluid-derived EVs, administered intravenously three or four times, were well-
tolerated and safe in COVID-19 patients (NCT04657406, Zofin, ZEO ScientifiX, Inc)"“**”. Umbilical cord
MSC-derived EVs were administered twice, first intravenously and then intra-arterially, which ameliorated
the condition in chronic kidney disease patients without safety concerns (phase 2/3 clinical pilot study)".
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While many of these clinical trials lack direct comparison between single and multiple dosing or statistical
significance due to relatively small patient groups, it should be noted that in all cases, improved clinical
outcomes were observed over repeated treatment of nanovesicle-based therapeutics. Furthermore, there are
ongoing clinical trials where patients receive repeated doses of nanovesicles over a longer period, 15 doses
over 46 weeks (NCT05176366 and NCT05130983, Direct Biologics, LLC). Based on current knowledge,
these treatment schemes are considered safe and approved by the FDA. Comprehensive safety data on the
long-term repeated administration of nanovesicles in humans are expected to be available soon,
contributing to the further advancement of nanovesicle-based therapy.

To summarize, evidence indicates that nanovesicle-based therapeutics can be administered repeatedly
without eliciting a strong host immune response, in stark contrast to current approaches using conventional
viral vectors or lipid nanoparticles (LNPs). The favorable biocompatibility of nanovesicle-based approaches
allows for flexible dosing, thus enabling alternative management of many genetic diseases, including NMDs,
in which the therapeutic effect of one-time treatment may be transient.

Flexible drug design

Gene cargo loading

Among many types of muscular dystrophies, DMD is the only disease with approved gene therapy drugs.
Two types of approved therapeutics reflect distinct therapeutic approaches for DMD: (1) exon-skipping
drugs utilize modified antisense oligonucleotides (ASOs) to bypass mutated exons of the dystrophin gene
(Amondys 45, Exondys 51, Vyondys 53, Sarepta Therapeutics; Viltepso, NS Pharma); and (2) gene
replacement therapy relies on delivery of miniaturized (micro-dystrophin) functional copy packaged in
AAV (Elevidys, Sarepta Therapeutics)*’. Notably, nanovesicles have successfully been shown to deliver
both short nucleic acids, such as siRNA or ASO, and large nucleic acids such as mRNAs, and therefore suit
well for applications in DMD. While multiple methodologies have been tested in nanovesicles, several show
relatively robust and reproducible results in various target tissues'".

A well-established approach exists to load oligonucleotide therapeutics onto nanovesicles using lipid
conjugation [Table 2]*". By simply mixing with nanovesicles at a mild temperature (room temperature to
37 °C), oligonucleotide drugs can rapidly integrate into the membrane structure of nanovesicles driven by
hydrophobic interaction between lipid moieties conjugated to oligonucleotides and membrane lipids of
nanovesicles. The resulting drug/nanovesicle complex can contain thousands of drug molecules per
nanovesicle™'. Moreover, unloaded nucleic acids can be easily removed by subjecting the drug/nanovesicle
complex to size exclusion chromatography (SEC) or other commonly used purification methods. Using this
loading method, various RNA therapeutics, such as siRNA and miRNA, were shown to be delivered to
target tissues and effectively modulate target gene expression in multiple indications, including
Huntington’s disease™, breast cancer™, and ischemic brain injury®”. The same methodology was also
tested to deliver ASO therapeutics on nanovesicles (ASO-STATs, Codiak Biosciences), which resulted in
> 90% tumor growth inhibition and 50% to 80% complete remissions in colorectal cancer and hepatocellular
carcinoma animal models”".

Regarding large nucleic acids, such as mRNA or plasmid DNA, at least two distinct approaches showed
promising results in the preclinical studies [Table 2]. First, mRNA enrichment within nanovesicles was
attempted by utilizing RNA binding protein (RBP) motifs, tethered to transmembrane proteins abundant in
nanovesicle membrane such as CD63, to recruit target mRNAs expressed in the cell to nanovesicles (“active
endogenous loading”)"***". Recently, Zickler et al. demonstrated greatly improved mRNA loading using an
optimized version of the designer Pumilio and FBF homology domain (PUFe), findings that are 2-4 times
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Table 2. Technologies for muscle-targeted nanovesicle drug design

Category Technology/mechanism Key results Ref.

Cargo loading

siRNA/ASO Incubation with lipid conjugated oligonucleotides Robust loading of 2,000-3,000 copies of small nucleic [50-54]
acids per nanovesicle
mRNA Recruitment of cellular mRNAs using RNA binding ~ Up to 7 mRNA copies per 1,000 nanovesicles; > 200-fold [55-571
protein motif tethered to nanovesicle membranes higher than simple overexpression of target mRNAs in the
cell

Complexation of nucleic acids with cationic reagents oral/intranasal/intramuscular delivery of mRNAs produced [58-60]
long-lasting immunity against SARS-CoV-2 antigens

Muscle targeting

Muscle-specific peptides inserted into the Up to 18-fold (quadriceps) enrichment in muscle tissues; [85]
extracellular loop of CD63 using anchor peptide restored up to ~40% of normal dystrophin level in mdx mice
Muscle-specific aptamers inserted into the Significantly greater muscle tissue accumulation; dystrophin [87]
extracellular loop of CD63 using anchor peptide restoration and functional improvements in mdx mice
Muscle-specific peptides fused to Lamp2b Intramuscular injection restored both skeletal muscle [86]

wasting and cardiac function
Strategies to improve biodistribution

Expression of CD47 on surface Increase the blood circulation time by preventing [113-115]
phagocytosis by macrophages and monocytes

Decoration of surface with albumin or PEG Enhance the blood circulation time; clinically proven [118,119]
strategies in multiple drugs

Pretreatment with highly biodegradable liposome Enhance the blood circulation time by transiently occupying [120]
liver cells and saturating RES

Displaying tissue-specific ligands on surface Reduction in liver accumulation and improvement of [67-78]
delivery efficiency in various target tissues

Taking advantage of compromised natural barriers  Enhanced permeability to various tissue lesions [121]

in diseases

PEG: Polyethylene glycol; RES: reticuloendothelial system.

better than the previous strategy using bacteriophage MS2 coat protein (MCP) and over 200-fold higher
than one can achieve from mere overexpression of the target mRNAs in cells (“passive endogenous
loading”)®". In this study, Cre-mediated genomic editing was observed in tumor cells treated with EV's
loaded with Cre mRNAs using RBP motifs, while the same amount of passively loaded control EVs showed
no detectable editing. Another approach relies on charge interaction between negatively charged nucleic
acid cargo and positively charged cationic lipids or polymers and then cationic complex (nucleic acids +
cationic reagents) with negatively charged nanovesicle membrane (“exogenous loading”). Tsai et al. showed
that EVs loaded with cationic lipid-coated mRNAs encoding immunogenic forms of the SARS-CoV-2 spike
and nucleocapsid proteins induced antigen-specific CD4+ and CD8+ T-cell responses*”. Similarly, mRNAs
that encode different components of SARS-CoV-2 were successfully loaded onto various nanovesicles in
studies testing mRNA vaccines for COVID-19, which resulted in the production of NAbs and adaptive
immunity when administered to mice®*’\.

One of the most important advantages of nanovesicles, especially in large nucleic acid delivery, is that the
loading methods discussed above are essentially agnostic of cargo sizes and can potentially be applied to
large mRNAs or plasmid DNAs beyond the AAV capacity limit. While most early proof-of-concept studies
tested relatively smaller reporter genes, such as EGFP (~27 kDa), Renilla luciferase (~36 kDa), or red light-
emitting luciferase, Antares2 (~70 kDa), large antigens of SARS-CoV-2, such as full-length surface
glycoprotein (“S protein”, ~141 kDa), were also loaded onto nanovesicles'*".
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Besides the aforementioned methodologies, some exogenous loading methods, such as electroporation and
sonication, were tested but often result in highly irreproducible outcomes with massive amounts of
nanovesicle aggregation (observed in our own studies as well), likely due to disruption of membrane
stability of nanovesicles during physical challenges'*'’.

Muscle-specific delivery

One of the powerful features of nanovesicles derived from various human cells is that they inherit a distinct
molecular repertoire of parent cell membranes, providing unique tissue tropisms*’. Moreover, such
tissue-homing properties can be maximized by engineering the surface membranes of nanovesicles further.
By conjugating nanobodies, aptamers, peptides, and other ligands that have a high binding affinity toward
tissue-specific antigens, numerous studies have proven the engineerability of nanovesicles and consequent
redistribution of customized nanovesicles to the tumor'””*, brain”?, joint"””, and heart"”".

Similar approaches can be applied to steer nanovesicles toward cardiac or skeletal muscle tissues. Thus far, a
handful of nanovesicle-based approaches have shown therapeutic potential for muscle diseases. However,
many of these are based on relatively under-characterized activities of MSC-EVs™*! or delivery of protein
or other gene cargo™ without muscle-specific delivery strategy incorporated, so they will not be discussed
here. There exist at least a few studies where muscle-targeted approaches result in enhanced therapeutic
outcomes in DMD or other muscle diseases [Table 2],

Gao et al. used a small anchor peptide (CP05) to display on nanovesicles muscle-specific peptides (M12)
and ASO drug (phosphorodiamidate morpholino oligomer, PMO) that can address the exon 23 mutation in
dystrophin gene"™. Authors first showed increased Dystrophin protein in various muscle tissues, most
prominent in the quadriceps (18-fold), of dystrophin-deficient mdx mice upon systemic administration of
CP05-PMO-EVs. Remarkably, the addition of muscle-specific peptide (CP05-PMO/M12-EVs) significantly
enhanced the number of dystrophin-positive myofibers in most muscle tissues observed, including
quadriceps, gastrocnemius, diaphragm, and abdominal muscles, and restored up to nearly 40% of normal
dystrophin level (highest in gastrocnemius) from treated mdx mice. Functional rescue was also evident from
force recovery in the grip strength test, without showing any liver or renal toxicity. Notably, authors
described that repeated weekly injections up to 3 weeks substantially increased dystrophin expression in
broad muscle tissues, enforcing the prospect of repeat dosing of nanovesicles. The same group recently
reported the dystrophin restoration and functional improvements in mdx mice, like the previous report,
using nanovesicles decorated with muscle-specific aptamers instead of peptides™”.

Another example described an approach using a muscle-specific peptide fused to nanovesicle marker
protein, lysosomal-associated membrane protein 2b (Lamp2b), to deliver miR-26a to improve muscle
wasting and cardiomyopathy that occur in chronic kidney disease (CKD)"™. The miR-26a has been
implicated in many cardiac diseases”®, and its expression was shown to be impaired in CKD mice.
Intramuscular injection of nanovesicles carrying miR-26a-5p increased miR-26a expression to the normal
level in the tibialis anterior (TA) muscle. Surprisingly, injection into the TA muscle also restored the miR-
26a expression to the normal level in the heart. Consequently, intramuscular delivery of miR-26a not only
increased the skeletal muscle cross-sectional area but also reduced cardiac fibrosis and improved cardiac
function as measured by echocardiogram. Therefore, this result also supports the idea that nanovesicles can
be engineered to achieve muscle-targeted delivery of gene cargo.

While these nanovesicle-based approaches remain in the preclinical stage, more advanced clinical validation
of muscle-targeted engineering can be found in other drug modalities, such as antibody-conjugated
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oligonucleotides™*’.. Two clinical-stage approaches centered on muscular dystrophies are particularly
noteworthy: Avidity Bioscience’s approach using antibody-oligonucleotide conjugates (AOCs)"* and Dyne
Therapeutics’ Fab-conjugated ASO/PMO™ for myotonic dystrophy type 1 (DM1), facioscapulohumeral
muscular dystrophy (FSHD), and DMD. As nanovesicles offer highly flexible drug design and
engineerability due to their lipid bilayer membrane structure, the majority, if not all, of currently proposed
tissue-targeting strategies from other drug delivery systems ' can be readily adapted to nanovesicles by
decorating the external surface using chemical, genetic, and physical modifications”"..

Drug cost

The current gene therapy cost for conventional AAV-based approved drugs for DMD is prohibitively high,
ranging up to $3.2M for one-time treatment per patient™. Such high drug cost is attributed to multiple
factors: (1) massive transfection needed for AAV vector production requires high costs for materials and
process development; (2) safety concerns mandate extremely stringent purification steps, for instance, to
reduce empty capsids; and (3) high clinical dose requires large-scale bioreactors, imposing significant
burdens on downstream processes.

In contrast, a more economical price tag is predicted for nanovesicle-based therapeutics. For instance,
Piffoux et al. estimated the drug cost of engineered nanovesicle therapeutics loaded with siRNA or miRNA
payloads to be in the range of €15,000-40,000"". This proposed cost is in a similar range as single shots for
approved RNA therapeutics (annual treatment cost, however, is estimated up to $500 K)** and a significant
cost saving compared to AAV therapy. This is likely due to the aforementioned advantages of nanovesicles
that help slash manufacturing costs. While AAV often requires triple transfection”, nanovesicles do not. As
described above, gene cargo can be loaded by engineering source cells, thus allowing production through
stable cell lines, or a relatively simple reaction between nanovesicles and cargo materials outside the cell.
With superior safety profiles, more relaxed purification methods, such as relatively economical
chromatography options, may be used (based on public information available from related conferences)"”.
Furthermore, the unique advantages of nanovesicles, such as low immunogenicity and excellent cellular
uptake and tissue penetration, will directly translate to fewer materials per dose, thereby lowering
production costs further.

A large body of early nanovesicle research typically relied on EVs secreted from cultured cells over extended
time. Undoubtedly, the difficulty in the large-scale production of nanovesicles has prevented both academic
researchers and drug developers from moving this highly promising approach into translation at full
speed"*>'*l. However, more scalable and cost-effective means exist to produce EV-like nanovesicles”*.
For example, BioDrone® technology (MDimune Inc.) based on cell extrusion has shown its productivity and
unique therapeutic potential in multiple applications""*. The extrusion of diverse cell sources yields
10-500 times more nanovesicles (known as cell-derived vesicles, CDVs) per unit cell than naturally secreted
EVs [Figure 2]"*'l. Moreover, the extrusion process is highly efficient, taking less than 1/100 of the total time
required for conventional EV production, which translates to 15,000 times greater hourly productivity than
EVs on average!"'*. The scalability of this technology was also shown in a recent report, demonstrating the
successful transfer of the research-scale manufacturing process to an SOP-guided GMP-compliant
process'®. Currently, the capability to process up to 50 L of cell culture in one extrusion process is
established, assuring more cost-effective manufacturing of nanovesicles in scale.

To date, only one nanovesicle-based therapeutic is on the market - Bexsero, the vaccine to prevent invasive
disease caused by Neisseria meningitidis serogroup B"””. Additionally, drug costs will largely vary by several
factors, such as manufacturing steps, indications, clinical dose, patient populations, etc., for which very
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Figure 2. BioDrone® Platform Technology. (A) A schematic diagram shows the possible mechanism of the high productivity of CDVs
compared to EVs (from Lau et al.,, 2022"°®'). (B) Comparison of nanovesicle yield per unit cell between CDVs and EVs in diverse source
cells.

limited information is available for comparison with other drug modalities. Therefore, more accurate
estimates for drug cost can be made when more clinical programs and, finally, commercial products become
available. Nonetheless, nanovesicle-based therapeutics have a high potential to bring drug costs down
substantially compared to AAV vectors, enabling more affordable treatment for patients, especially those
with rare and ultrarare diseases.

CHALLENGES YET TO BE ADDRESSED

Rapid clearance & hepatic distribution

One of the hurdles in achieving systemic delivery, which is required for many NMDs, is the rapid clearance
of nanovesicles from circulation. When administered systemically, nanovesicles are shunted from
circulation relatively fast. Using highly quantitative EV's stably expressing CD63-Nanoluciferase fusion
proteins, Gupta et al. reported that 90% of the injected dose had been cleared after 5 min and was down to
0.1% 30 min post-injection, with a plasma half-life of 1.2-1.3 min"*. EV's detected in individual organs
analyzed also declined fast over time. Additional studies also estimated that EVs have a relatively short
blood half-life, only a few minutes"*"'". Interestingly, the half-life of EVs appears to be much longer in
NHP, approximately 40 min, than in mice, according to Driedonks et al., who used a more sensitive
reporting system based on palmitoylated EGFP-Nanoluciferase (palmGRET)""". The variance between
NHP and mice, despite the difference in sensitivity of reporters used, warrants more careful interrogation of
cross-species differences and interactions between host vs. recipient cell types.

Natural entrapment in the reticuloendothelial system (RES; e.g., liver, spleen) is largely attributed to the
short circulation time of nanovesicles"'”. Multiple strategies have been tested to enhance low PK and drive
non-hepatic distribution with promising preclinical outcomes [Table 2]. First, several studies showed a
significant increase in half-life from nanovesicles expressing CD47 on the surface” "' CD47 is a well-
characterized “don’t eat me” signal that prevents phagocytosis by macrophages and monocytes. Decoration
of drug carrier surface with abundant plasma protein albumin or polyethylene glycol (PEG) is a clinically
approved strategy to improve the pharmacokinetic properties of various drugs"'*""”. Such approaches have
also been reported to enhance the circulation time of nanovesicles"'*""*. Another interesting approach
comes from the same notion that the RES system is the main consumer of drugs delivered on various nano-
carriers. By pretreating animals with highly biodegradable liposome (“Nanoprimer”), which is designed to
transiently occupy liver cells and saturate RES, Saunders et al. demonstrated remarkable improvement in
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bioavailability and delivery of the LNP-based RNA therapeutics to non-hepatic tissues"*. It will be of great
interest whether this can also help enhance the non-hepatic delivery of nanovesicles. Displaying tissue-
specific ligands on nanovesicle surfaces is also a major area, which has demonstrated a reduction in liver
accumulation and improvement of delivery efficiency in various target tissues as previously described'”7".
Finally, various natural barriers are known to be compromised in many human diseases. For instance,
disruption of endothelial barriers has been implicated in many diseases, including inflammation, diabetes,
cardiac infarction, atherosclerosis, and infectious diseases, and leads to enhanced permeability and retention
(EPR) effect in many forms of cancers"*. Thus, such perturbation in the vascular line of defense may offer

unique opportunities to increase tissue uptake of delivered drugs on nanovesicles.

Among > 40 non-COVID-19-related clinical trials, only 8 programs rely on the injection of relatively large
amounts of nanovesicles via systemic administration. Therefore, more extensive research will certainly be
necessary to elucidate the exact fate of nanovesicles entering the system. Whether and which of these
proposed strategies prove to be successful will have to be determined in further clinical trials.

Limited loading capacity vs. effective dose

Another challenge is the relatively limited payload loading capacity compared to other competing non-viral
technologies, such as LNPs or antibody conjugate drugs. In most systemic approaches, approximately 1 to
10 mg of nanovesicles/kg body weight are treated in both preclinical (with a median dose of 6.75 mg/kg)
and clinical studies*>'*”. Although the purity level might vary considerably by each nanovesicle preparation
relying on different purification methods"*****, 10°-10" nanovesicles/ug of total protein are generally
considered to be nanovesicle products with high purity and used in many studies****”.. Thus, the current
nanovesicle dose is equivalent to approximately 10'*-10' nanovesicles/kg, and this dose meets the current
c¢GMP manufacturing capacity.

For small oligonucleotide therapeutics, the lipid-conjugation method can reliably encapsulate thousands of
copies of siRNA or ASO on nanovesicles as described above**". When applying the current dose range
above, 3,000 copies of siRNA in each nanovesicle is equivalent to 3 x 10*-3 x 10" siRNAs/kg per dose, that
is 0.066-6.6 mg/kg per dose, similar to the previous estimation™. Although spread over a somewhat wide
dose range, this dose estimate largely overlaps with the current doses used in clinically approved RNA
therapeutics as summarized in Table 3"**. Therefore, for small oligonucleotide drugs, loading capacity does
not appear to be a critical issue, although meeting clinical expectations at a lower dose range, ideally below
< 0.5 mg/kg (~10" nanovesicles/kg), will provide multiple benefits in manufacturing, administration routes,
drug cost, etc.

In contrast, encapsulation of large nucleic acids, such as mRNA or plasmid DNA, presents a bigger
challenge. Despite early success in proof-of-concept studies, methods to encapsulate nucleic acid payloads
inside nanovesicles suffer from somewhat disappointing loading capacity. According to Zickler et al., only a
few mRNA copies (2 to 7) can be loaded per 1,000 nanovesicles””. Again, when applying the current dose
range described above, this is equivalent to 7 x 10°-7 x 10" mRNA copies/kg, or approximately 0.007-0.7 ug
of mRNA/kg (assuming 2 kb mRNA cargo). This is 1/50,000 to 1/500 of the clinical dose used for systemic,
LNP-based mRNA therapeutics [Table 3].

Notably, such shortcomings, especially for large nucleic acid drugs, can be compensated by other traits of
nanovesicles, such as excellent cellular uptake and tissue penetration, that excel those of LNPs or AAVs. For
instance, nanovesicles showed robust cellular uptake and efficient RNA cargo delivery, several orders of
magnitude higher than the LNP formula used for therapeutic RNA delivery (Onpattro, Alnylam
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Table 3. Comparison of currently expected dose for nanovesicle drugs with existing drugs

Gene cargo Current dose in nanovesicles Clinical dose of existing drugs

SiRNA 0.066-6.6 mg/kg Patisiran (Onpattro, Alnylam Pharmaceuticals)
0.3 mg/kg, intravenous

Givosiran (Givlaari, Alnylam Pharmaceuticals)
2.5 mg/kg, subcutaneous

Nusinersen (Spinraza, lonis Pharmaceuticals)
12 mg/5 mlL, intrathecal

mRNA 0.007-0.7 ng/kg mMRNA-3927 (NCT04159103, Phase-1/2a, Moderna)
0.3 mg/kg, intravenous

The estimated dose for siRNA is based on 3,000 copies of duplex siRNA of 20-mer loaded per nanovesicle. For mRNA, active endogenous loading
of ~2 kb mRNA cargo at the highest loading capacity (7 mRNA/1,000 nanovesicles) is assumed to calculate the dose.

Pharmaceuticals)"*. Additionally, nanovesicles loaded with col1a1 mRNAs induced considerably enhanced
collagen engraftment and structural restoration compared to the LNP control in the dermis of photoaged
mice"™. Nawaz et al. also demonstrated that myocardial delivery of VEGF-A mRNA via nanovesicles
showed a significantly higher level of VEGF-A protein production in mice compared to the same amount of
mRNA delivered by LNP, implicating more efficient mRNA delivery by nanovesicles"*'". On the other hand,
a series of approaches based on nanovesicle-AAV hybrids (EVs containing AAV particles naturally
obtained from AAV-producer cells), pioneered by Maguire et al. demonstrated improved cellular and tissue
uptake mediated by nanovesicles"””. Previous studies have reported more than 700 times higher
transduction efficiency in AAV contained within nanovesicles than AAV counterparts along with increased
transduction and functional improvements in the liver, retina, hair cells, and immune cells"*"*

Taken together, pioneering a more robust nucleic acid loading methodology, especially for large nucleic
acids, is required. Since nanovesicles are derived from cells with many cellular components contained in
them, it is difficult to predict the encapsulation capacity of nanovesicles solely based on particle size and
compare it with other synthetic vehicles such as LNPs. However, the highly versatile structure and slightly
larger size of nanovesicles (~100-150 nm) may offer room for improvement beyond the current
encapsulation limit. Alternatively, the unique advantages of nanovesicles in cellular and tissue uptake can
offset loading capacity deficit and possibly exert comparable therapeutic effects in a much lower dose. More
evidence will be required to demonstrate such benefit.

CONCLUSION

In this review, we explored the recent progress in non-viral gene therapy approaches using nanovesicles
derived from human cells. The superior safety and immunogenicity profile of nanovesicles may allow the
development of a first-in-kind redosable gene therapy. Cost benefits expected for nanovesicle-based
therapeutics may reduce the economic barrier to drug development for stakeholders in rare and ultra-rare
NMDs. Albeit relatively early in its development stage, the unique advantages of these highly suitable
nanovesicle approaches will have to be substantiated by more preclinical and clinical evidence in the coming
years, especially to overcome challenges in bioavailability and large nucleic acid drug loading. If successful,
nanovesicles may serve as a safe, effective, and affordable platform for numerous rare and ultrarare
neuromuscular diseases, including DMD.
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