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In recent years, extracellular vesicles (EVs) have emerged as prominent mediators of the homeostasis, repair, and
regeneration of musculoskeletal tissues including bone, skeletal muscle, and cartilage. Accordingly, the therapeutic
potential of EVs for regenerative medicine applications has not gone unnoticed. The use of EVs for the treatment of
musculoskeletal injury and disease in veterinary species is a nascent but rapidly expanding area of research. Recent
studies in this area have demonstrated the safety and feasibility of EV products in dogs and horses. While early
clinical responses to EV-based therapeutics in companion animals have been favorable, more rigorously designed,
sufficiently powered, and placebo-controlled clinical trials are required to fully elucidate the clinical benefits and
best-use scenarios for EV therapeutics in veterinary medicine. Additionally, clinical translation of EV-based thera-
peutics will require Good Manufacturing Practice-compliant methods to scale up and purify EV products. Despite
these challenges, EVs hold great promise in the regenerative medicine landscape, particularly in the treatment of
musculoskeletal injury and disease in companion animals.

The Confusing Landscape
of Mesenchymal Stromal Cell
Therapies

Mesenchymal stromal cells (MSCs) have been
demonstrated in numerous studies to aid in bone re-
pair,! skeletal muscle regeneration,24 and cartilage
regeneration.> While MSCs and stem cell (SC) thera-
pies have generated widespread enthusiasm as a
means to repair, regenerate, or minimize loss of mus-
culoskeletal tissue, their clinical efficacy for specific
disease indications such as osteoarthritis (OA) and
other musculoskeletal conditions in veterinary and
human patients is still somewhat ambiguous. Several
issues have contributed to conflicting opinions about
the clinical efficacy of SCs. For instance, there is in
fact no standard clinical definition for what consti-
tutes SC therapy. The term “stem cell therapy” is used
to describe a multitude of cell-based therapeutics re-
ferring to concentrates enriched for SCs but contain-
ing other cell populations (eg, bone marrow aspirate
concentrate and adipose stromal vascular fraction),
purified stromal cells that are culture expanded and
isolated as pure multipotent cell populations, or
even platelet-rich plasma concentrates. Cell-based
therapeutics may be sourced from the patient’s own
tissue (autologous) or from a donor (allogenic) and
can be isolated from adult or juvenile individuals. Fi-
nally, the specific mechanisms of action and relative
efficacies of SC treatments are highly dependent on
the donor species, tissue source, method of isolation

and preparation, and delivery method.® Thus, there
is considerable variation in what may be delivered to
the patient and, even within a defined category of
SC treatment, inconsistent reproducibility from one
treatment to another. Further, SC therapies are clini-
cally used for a variety of medical conditions with
varying severity of disease. Taken together, these
variables have made it extremely difficult to define
the clinical efficacy of SC treatments and develop
best practices for their use.”

Extracellular Vesicles and Exosomes
as Alternatives to MSCs

The capacity for MSCs to differentiate into multi-
ple cellular lineages was originally believed to be the
primary mechanism for MSC-mediated tissue healing
and regeneration.® It is now widely accepted that the
MSC secretome (ie, biological factors that are secret-
ed by MSCs such as cytokines, growth factors, and
extracellular vesicles [EVs]) is largely responsible for
the proregenerative properties of MSCs.910 EVs are a
key component of the MSC secretome and are con-
sidered to be prime mediators of MSC function. EVs
are nanoscale, membrane-bound vesicles released
by MSCs (and many other cell types), which contain
a variety of bioactive cargo that function in cell sig-
naling.1l EVs are broadly characterized as either (1)
ectosomes, which originate from the cell membrane,
or (2) exosomes, which originate from within the cell
and contain important cell signaling molecules such
as mRNAs, microRNAs (miRNAs), cytokines, and
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other proteins. Exosomes, which form intracellularly
within multivesicular bodies, are typically 50 to 200
nM in size and are released upon multivesicular body
fusion with the plasma membrane.11.12

Among the types of EVs studied, exosomes have
garnered the most interest for clinical use in regenera-
tive medicine as they are known to play a foundation-
al role in MSC-associated proregenerative activities.
Indeed, exosomes derived from MSCs recapitulate
many of the biological activities of MSCs themselves
and can even “home” to sites of tissue injury, there-
by affecting tissue healing and regeneration.10.13-15
In addition, exosome biogenesis is highly regulated,
with directed and selective packaging of content for
release into the extracellular space in response to
specific signals or conditions.1® This last feature is of
particular importance and represents a clear potential
advantage over MSC-based therapies: exosomes can
be more readily manipulated to display specific sur-
face proteins for enhanced tissue targeting, and their
cargo can be enriched for bioactive components such
as proregenerative and immunomodulating mRNAs,
miRNAs, and cytokines. The ability to modulate exo-
some cargo and tissue-homing properties to achieve
a predictable and specific biological effect can be
harnessed for the development of precise and cus-
tomizable therapeutics.” Furthermore, unlike MSCs,
exosomes cannot self-replicate, thereby alleviating
some of the safety concerns with live cell therapies.
Early data further suggest that exosomes retain their
biological activity at room temperature following ly-
ophilization, which holds promise for the long-term
storage and shipment of exosome therapeutics at
room temperature.’® Exosomes therefore hold great
promise as an alternative to cell-based therapies in
regenerative medicine.

EV-Based Therapy in Musculoskeletal
Tissue Repair and Regeneration

Because of their unique properties, EV-based
therapies have potential utility in a wide variety of
musculoskeletal tissue regeneration settings. While
not yet available for clinical use, research exploring
the mechanisms and proregenerative effects of EVs
for musculoskeletal tissue repair, particularly those
derived from MSCs and progenitor cells, is a rapidly
expanding area of clinical research. While the majority
of studies reviewed here use the term “exosome” to
describe small EVs, it is important to note that there
is likely a mixture of EV subtypes that fall within a
similar size range, and therefore many investigators
accept that EV isolates frequently contain a heterog-
enous mixture of both exosomes and small EVs not
of endosomal origin. What follows is a summary of
recent published research surrounding the use of EV
therapeutics in musculoskeletal tissue regeneration.

Bone regeneration

EVs from osteogenic precursors have been
shown to promote osteoblastic differentiation of na-
ive adipose-derived SCs in vitro.1920 | jkewise, EVs

secreted by mechanically stimulated osteocytes will
promote in vitro recruitment and osseous differen-
tiation of MSCs.20 MSC-derived EVs have also been
shown to enhance bone regeneration in rodent mod-
els of fracture healing,21-24 osteoporosis,?> and radia-
tion-induced bone 10ss.26 Intravenous administration
of bone marrow-derived MSC (BM-MSC) EVs to rats
that received radiation to the distal femur resulted
in reduced bone loss compared to irradiated femurs
in rats that did not receive EV treatment.26 At a cel-
lular level, in vitro incubation of irradiated BM-MSCs
with nonirradiated BM-MSC-derived EVs led to the
functional recovery of the irradiated BM-MSCS by al-
leviating senescence-associated protein expression
and restoring proliferative capacity.26 Furthermore,
MSC-derived EVs can accelerate fracture healing as
demonstrated in a mouse model of delayed fracture
healing in which delayed union was attenuated by
delivery of MSC-derived EVs into the fracture site.?!
Zhang et al?? reported similar findings in a rat femur
fracture model, with BM-MSC EVs accelerating re-
pair and angiogenesis in femur fractures. In another
study,?> EVs secreted by induced pluripotent SCs
(iPSCs) enhanced proliferation and osteogenic gene
signaling in BM-MSCs from ovariectomized, osteope-
nic rats. Following implantation of scaffolds contain-
ing iIPSC-derived EVs into calvarial defects in os-
teopenic rats, bone regeneration and angiogenesis
scores improved compared to rats that received only
the scaffold without EVs.2> Liao et al?’ investigated
the use of MSC-EVs to treat osteonecrosis of the
femoral head in rabbit models. Treatment of rabbits
with EVs engineered to overexpress miR-122-5p, a
miRNA that promotes the differentiation of osteo-
blasts, resulted in increased bone mineral density,
trabecular bone volume, and mean trabecular plate
thickness in the femoral head.?” Collectively, these
studies describe a role for EVs in osteocyte signaling
and suggest possible clinical applications for bone
repair and regeneration.

Muscle regeneration

EVs released by muscle progenitor cells have
been found to contain signals that promote muscle
regeneration following injury or stress.?® Several in
vitro studies have demonstrated that EVs mediate
various steps in the process of myogenesis. For in-
stance, myotube-derived EVs facilitate the differen-
tiation of myoblasts into mature myotubes.?® In an-
other study,?8 treatment of human adipose-derived
SCs with EVs derived from differentiating myoblasts
led to the development of a myotube-like phenotype
and promoted the expression of several myogenic
genes, demonstrating that skeletal muscle-derived
EVs caninstruct adipose-derived SCs to adopt a myo-
genic lineage. Muscle precursor cells have also been
found to secrete EVs that communicate with fibro-
blasts to regulate collagen synthesis during extracel-
lular matrix remodeling, facilitating muscle repair in
response to hypertrophic stimuli.3© Nakamura et al*#
demonstrated that local injection of EVs secreted by
MSCs into the injured tibialis anterior muscle of mice
accelerates skeletal muscle regeneration, as demon-
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strated by an increased diameter of myofibers, re-
duced fibrotic area, and increased capillary density.
EVs derived from myogenic precursors were also
shown to improve muscle regeneration following lo-
cal injection into the injured muscle of mice, with the
injured muscle showing reduced collagen deposition
and a greater number of myofibers 1 week after EV
injection.?8 In a more recent study,® systemic admin-
istration of EVs isolated from adipose-derived MSCs
resulted in an increase in the cross-sectional area of
regenerating myofibers and a reduction in the num-
ber of infiltrating macrophages in the injured tibialis
anterior muscle of mice. In all of these studies, the
investigated EVs were found to contain proregen-
erative cargo including proteins and miRNAs.14.15.28
More recently, Leng et al31 compared the benefits of
systemic administration of MSC-derived EVs, serum-
derived EVs, or myotube-derived EVs on muscle
function in mice with the progressive muscle wast-
ing disease, Duchenne muscular dystrophy (DMD).
EVs from all 3 sources resulted in improved skeletal
muscle function and myoarchitecture.

Cardiac progenitor cells (CPs) represent another
source of EVs that have been found to enhance skel-
etal muscle regeneration. EVs produced by CPs have
been shown to improve the repair and functionality
of both cardiac and skeletal muscle.3234 In a mouse
model of DMD, injection of CP-EVs into the soleus
muscle of mice resulted in a greater number of myo-
fibers, increased tissue levels of protein markers for
myofiber differentiation, and decreased inflamma-
tion and fibrosis compared to vehicle-injected mice.32
Importantly, CP-EVs also improved the functionality
of skeletal muscle in these DMD mice by restoring
soleus isometric contractile properties to levels seen
in wild-type mice by 3 weeks following EV delivery.
Another study33 demonstrated that CP-EVs normal-
ized gene expression in the skeletal muscle of DMD
mice toward that of wild-type mice, and CP-EV de-
livery improved the isometric force produced by the
soleus muscle.

Cartilage regeneration

A number of preclinical studies suggest that EV-
based therapies can be used to enhance cartilage
healing or prevent cartilage degradation. EVs se-
creted by chondrogenic progenitor cells (CPCs) have
been shown to enhance cartilage repair in mice.3s
Weekly intra-articular (IA) injection of EVs derived
from CPCs into a surgically induced mouse model of
OA was found to reduce OA severity by decreasing
collagen type | expression, increasing aggrecan and
collagen type Il expression, and reducing cartilage
matrix loss.?> CPC-derived EVs contained miRNAs in-
volved in processes that are important for chondro-
genesis and modulation of inflammation. In another
study,®*® weekly IA injections of MSC-derived EVs
led to the early and more complete regeneration of
cartilage and subchondral bone in an osteochondral
defect in rats. In a rodent chronic OA model, IA injec-
tion of EVs derived from embryonic MSCs prevented
cartilage and matrix degradation.?” Similarly, EVs
derived from infrapatellar fat pad MSCs ameliorated

OA severity in a surgically induced mouse model of
OA.38 These EVs reduced articular cartilage damage,
improved mouse mobility, inhibited apoptosis, and
enhanced matrix synthesis in chondrocytes.®® In a
rabbit osteochondral defect model, a combination of
MSC-derived EVs and hyaluronic acid administered
via |A injection resulted in improved cartilage regen-
eration and mechanical function compared to rab-
bits treated with hyaluronic acid alone.3®

Extracellular Vesicles
in Veterinary Medicine

While still an emerging area of research in veteri-
nary medicine, several studies have recently charac-
terized the cargo and proregenerative effects of EVs
from companion species, most notably dogs40-42 and
horses.4344 These early studies have shown promis-
ing results, both in vitro and in vivo.

EVs were recently found to improve canine ten-
don cell survival and proliferation in vitro® and to
modulate inflammatory responses in canine T cells.4!
Equine MSC-derived EVs are enriched for proregen-
erative miRNAs known to modulate immune and
inflammatory processes*® and are capable of stimu-
lating the proliferation of equine chondrocytes while
inhibiting chondrocyte cell death in vitro.44 Other
investigators have developed methods to optimize
the content of MSC-derived EVs for equine disease-
specific uses. Weiss et al recently demonstrated that
pretreatment of adipose-derived MSCs with 5-azacyty-
dine and resveratrol, which has previously been shown
to reverse equine metabolic syndrome-related cellular
dysfunction in equine adipose-derived MSCs,*> result-
ed in production of EVs with enhanced cellular rejuve-
nation properties in vitro in MSCs isolated from horses
with equine metabolic syndrome.46

Although the majority of in vivo EV studies to
date have been performed in rodent and rabbit mod-
els, a small number of publications describing EV
use in companion species with naturally occurring
musculoskeletal disease have been published in re-
cent years. These studies, while not well controlled
or sufficiently powered, have reported no significant
adverse events and suggest potential clinical ben-
efits.4247-499 For example, the effect of MSC-EVs on
cartilage repair was investigated in a canine chondral
defect model.#’ Intra-articular injection of MSC-EVs
resulted in improved cartilage regeneration, dem-
onstrating potential benefits for cartilage repair in
dogs. A lyophilized MSC-derived EV product was
also recently evaluated in a small number of dogs
with naturally occurring OA.%2 In this study, MSC-
derived EVs were injected into the knee or elbow
joints of 3 dogs with radiographic and clinical signs
of OA. No systemic adverse reactions were reported,
and no progression of lameness was observed at
least 80 days after treatment.42 Similarly, when con-
ditioned media containing EVs from equine MSCs was
injected locally into the injured tendons or ligaments
of 13 horses, no adverse reactions were reported and
conditioned media-treated horses demonstrated

JAVMA | APRIL 2022 | VOL 260 | NO. 7 685

Unauthenticated | Downloaded 04/07/22 06:39 PM UTC



enhanced healing-related neovascularization and a
lower rate of reinjury as compared to placebo-inject-
ed horses.*® While these results support safety, more
rigorously designed, sufficiently powered, and pla-
cebo-controlled clinical trials are required to under-
stand the potential benefit and best-use scenarios
for EV therapeutics in veterinary patients.

Optimizing EV-Based Therapeutics
for Clinical Use

Drug delivery

Because EVs are nanoparticles with lipid bilay-
ers, they are quite stable in circulation and can cross
various tissue barriers, such as the blood-brain bar-
rier,0 with relative ease as compared with MSCs. As
a result, EV cargo that would normally be destroyed
or rendered biologically inactive (such as mRNA and
miRNA) in circulation is also protected from degra-
dation. Further, the lipid bilayer of EVs boasts sur-
face markers that permit specific tissue targeting
and allow EVs to “home” to sites of injury and inflam-
mation, which can be engineered to target specific
tissues. These features make EVs an attractive ve-
hicle for drug delivery. The earliest example of the
use of EVs as a drug delivery vehicle involved the use
of curcumin, a potent anti-inflammatory agent, com-
plexed with EVs and then delivered to myeloid cells
in vivo.51 Other work has demonstrated successful
EV-based chemotherapy delivery to tumors.52-55

EVs have been utilized as drug delivery vehicles
to treat various musculoskeletal conditions in rodent
models. In one such study, Gao et al*¢ demonstrated
that a phosphorodiamidate morpholino oligomer
(PMO), which is used to treat DMD, can be conju-
gated to the surface of EVs. Systemic injection of
PMO-conjugated EVs into a mouse model of muscular
dystrophy resulted in increased dystrophin expression
in skeletal muscles, significantly improving the thera-
peutic efficacy of PMO.%6 Furthermore, the conjuga-
tion of a skeletal muscle-targeting peptide to these
EVs further enhanced the delivery of PMO-conjugated
EVs to skeletal muscle. A more recent study>’ utilized
EVs as a delivery vehicle for myostatin propeptide for
the treatment of DMD. Myostatin propeptide has low
serum stability when given |V as a free drug; however,
by anchoring myostatin propeptide to the surface of
EVs, the serum stability, delivery efficiency, and thera-
peutic efficacy was enhanced, ultimately resulting in
increased muscle mass and function and improved
bone regeneration in DMD mice.*’

Osteoblast-derived EVs have been loaded with
antiosteoclast drugs (dasatinib and zoledronate) as a
potential treatment for osteoporosis.>8 After encap-
sulation in EVs, both drugs maintained their ability
to target osteoclasts in a mouse model of osteoclast
overactivation.>® In another study, Luo et al*® conju-
gated a BM-MSC-specific aptamer to the surface of
BM-MSC-derived EVs to achieve targeted delivery
to BM-MSCs following systemic injection. Intrave-
nous injection of these aptamer-functionalized EVs
resulted in greater accumulation within the limbs of

mice 6 hours postinjection compared to injection of
EVs without the aptamer.>® Furthermore, after intra-
venously injecting aptamer-functionalized EVs into
an ovariectomized mouse model of osteoporosis,
mice demonstrated significantly higher trabecular
volume, number, and thickness in the distal femur
compared to mice that received either the vehicle
or EVs without the aptamer.>® Thus, conjugation of a
bone marrow targeting aptamer to EVs can enhance
their accumulation in bone to better promote osteo-
genesis and bone repair.>°

One of the challenges of engineering EVs is
doing so without altering their biodistribution and
impairing their ability to transfer cargo to recipient
cells. Gao et al*® demonstrated that this limitation
can be overcome by identifying a peptide, CPO05,
which specifically binds a conserved exosomal sur-
face protein to allow for direct anchoring of peptides
to exosomes regardless of their origin and without
altering their biodistribution. This study thus demon-
strated that CPO5 can be used as an anchor peptide
to enable direct modification, cargo loading, and
capture of exosomes.>¢

Enriching EVs with beneficial miRNAs

In addition to loading EVs with drugs, it is also
possible to enrich EVs with beneficial miRNAs to en-
hance reparative and regenerative processes in recip-
ient cells. In one such study, synovial MSCs (sMSCs)
were transfected with miR-140-5p,%% a miRNA that is
known to modulate cartilage homeostasis. Unaltered
sMSC-EVs enhanced the proliferation and migra-
tion of articular chondrocytes in vitro but decreased
chondrocyte extracellular matrix secretion. EVs en-
riched with miR-140-5p similarly enhanced prolifera-
tion and migration of articular chondrocytes but re-
versed the decreased extracellular matrix secretion
that was observed with unaltered EVs. In an OA rat
model, IA injection of these miR-140-enriched EVs
minimized cartilage loss as compared to untreated
rats.60 Other investigators have utilized plasma-de-
rived EVs enriched with miR-140 to induce differen-
tiation of BM-MSCs into chondrocytes.® Together,
these studies suggest that EVs enriched for miR-140
may have therapeutic applications in cartilage repair
and OA treatment. EVs have also been enriched with
other specific miRNAs to affect specific conditions.
As one example, EVs were enriched with miR-26a, a
skeletal muscle-associated miRNA, and conjugated
to a skeletal muscle-targeting peptide.62 Follow-
ing local IM injection into the anterior tibial muscle
of mice with renal disease-associated muscle wast-
ing, the muscle cross-sectional area significantly in-
creased and renal disease-induced muscle atrophy
of the injected muscle was attenuated.

Considerations for Clinical Translation

Isolation and purification

As scientists continue to explore the myriad of
ways in which EV-based therapeutics can be applied
to clinical conditions, it is paramount that parent
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cell culture conditions and EV isolation and purifica-
tion methods are optimized and standardized. Good
Manufacturing Practice-compliant isolation and
purification processes that can produce consistent
concentrations of EVs with the appropriate surface
markers and cargo are still in development. Current
methods to isolate and purify EVs include ultracen-
trifugation, size-based isolation, immunoaffinity
capture, EV precipitation, and microfluidics-based
isolation.®® Ultracentrifugation is currently consid-
ered the gold standard technique for isolating EVs.63
However, EVs are lost during sample processing with
ultracentrifugation, resulting in a relatively lower
EV yield. Another challenge with many current EV
isolation techniques is that other proteins can con-
taminate the EV pellet and may not result in highly
pure populations of EVs. It is likely that microfluidic
sorting methods will be the means by which some
of these challenges can be overcome. To maximize
EV recovery while reducing contamination, it may be
necessary to combine isolation technigues.

Scale up

To translate EV-based therapeutics for clinical
use, scaled-up production methods will be required.
Currently, the process of culturing cells and isolating
EVs from conditioned media is labor intensive with
relatively low yields, making production and purifi-
cation of clinical-grade EVs inefficient. The limited
proliferative capacity of cultured MSCs adds an ad-
ditional complication to this issue, making it difficult
to generate therapeutic concentrations of EVs from
autologous MSCs. One way researchers are attempt-
ing to address this limitation is with the use of in-
duced pluripotent SCs (iPSCs) rather than MSCs.54
iPSCs, which are generated by reprogramming so-
matic cells in vitro, are capable of indefinite propa-
gation and can be derived from adult tissues. Recent
work comparing the characteristics of EVs derived
from iPSCs to EVs derived from MSCs found that
iPSCs produce more than 16 times as many EVs as
MSCs under defined culture conditions while main-
taining similar physiologic functions.64 iPSCs can be
differentiated into a desired cell type (muscle pro-
genitor, osteoclast, chondrocyte, etc) and therefore
may serve as a renewable source for parent cell lines
to produce clinical-grade EVs. An additional benefit
of iPSC-EV production is that, theoretically, iPSC cell
lines can be generated from each individual patient,
thus providing an autologous source of iPSCs and
EVs for a given patient. However, research to show
feasibility of this approach is still evolving.

Other strategies to enhance EV yield include ge-
netic engineering of specific immortalized cell lines
designed to produce high yields of cargo-optimized
EVs. Ibrahim et al®® recently demonstrated that en-
gineering skin fibroblasts to overexpress B-catenin
and Gata4 conferred immortality to these cells, thus
overcoming the limitation of replicative senescence.
EVs derived from these immortal cells were shown
to be more therapeutically potent, reducing skeletal
muscle fibrosis and improving exercise capacity in
a mouse model of DMD. Optimization of extraction

methods may also serve as a useful strategy to scale
up EV production. One such approach was recent-
ly described,®¢ in which EV isolation was enhanced
by use of a modified polymer-based precipitation
method that minimized the number of cells needed
to extract a therapeutic dose of EVs by 30-fold.

Long-term storage

Evidence now exists that EVs can be cryopreserved
at -80 ©C for at least 7 months with minimal protein
degradation®” and for at least 2 months with minimal
RNA degradation.®® Longer storage times have yet
to be evaluated. EV suspensions are also amenable
to lyophilization (freeze-drying) and storage at room
temperature while still maintaining their biological ac-
tivity upon rehydration.1840 Rehydrated lyophilized EVs
maintained their protein and RNA cargo and biologi-
cal potency following IV injection into mice.?® Lyophi-
lized EV products have recently been developed and
characterized for possible human,%79 canine,*%42 and
equine’® applications in which EV morphology, surface
biomarkers, and biological activity were preserved fol-
lowing rehydration. These studies support the feasibil-
ity of developing freeze-dried MSC-derived EV thera-
peutics that can be stored for long periods of time and
shipped without the need for cold chain conditions.

Conclusions and Future Perspectives

Recent progress in EV research has provided evi-
dence that EVs from a variety of cell sources can stim-
ulate the proliferation, differentiation, and rejuvena-
tion of cells from musculoskeletal lineages including
osteocytes, myocytes, chondrocytes, tenocytes, and
fibroblasts in vitro. Subsequent in vivo studies have
demonstrated that EVs enhance the repair and regen-
eration of bone, skeletal muscle, and cartilage in ro-
dent models. The therapeutic use of EVs for musculo-
skeletal regeneration in veterinary companion animal
species is still an emerging area of research. The lim-
ited work in this area to date has provided evidence
of safety; however, well-designed prospective studies
evaluating larger numbers of animals will be required
to fully evaluate the clinical efficacy of EV therapeu-
tics. To translate EV therapeutics to the clinic, strate-
gies to scale up EV production, standardize isolation
and purification methods, and store EVs long term are
a current area of research requiring more investiga-
tion. Finally, the ability to modify EVs for the devel-
opment of customized and personalized therapeutics
makes EVs a promising tool for future veterinary use,
especially as precision medicine initiatives become
more widespread in veterinary medicine.
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