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Abstract

Osteoarthritis (OA) is a common joint disease affecting humans and horses, resulting in significant morbidity,
financial expense, and loss of athletic use. While the pathogenesis is incompletely understood, inflammation is
considered crucial in the development and progression of the disease. Mesenchymal stromal cells (MSCs) have
received increasing scientific attention for their anti-inflammatory, immunomodulatory, and pro-regenerative
effects. However, there are concerns about their ability to become a commercially available therapeutic.
Extracellular vesicles (EVs) are now recognized to play a crucial role in the therapeutic efficacy observed with
MSCs and offer a potentially novel cell-free therapeutic that may negate many of the concerns with MSCs. There is
evidence that EVs have profound anti-inflammatory, immunomodulatory, and pro-regenerative effects equal to or
greater than the MSCs they are derived from in the treatment of OA. Most of these studies are in small animal
models, limiting the translation of these results to humans. However, highly translational animal models are crucial
for further understanding the efficacy of potential therapeutics and for close comparisons with humans. For this
reason, the horse, which experiences the same gravitational impacts on joints similar to people, is a highly relevant
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large animal species for testing. The equine species has well-designed and validated OA models, and additionally,
therapies can be further tested in naturally occurring OA to validate preclinical model testing. Therefore, the horse
is a highly suitable model to increase our knowledge of the therapeutic potential of EVs.

Keywords: Extracellular vesicles, osteoarthritis, equine, animal models

INTRODUCTION

Osteoarthritis (OA) is a debilitating and common disease afflicting both human and equine populations™?.

OA is associated with a substantial financial burden and a decreased quality of life and results in loss of
athletic performance in humans and horses®*. A recent review reported that 303 million people were
affected globally in 2017". In horses, OA is the most common cause of retirement from athletic
activities'*”. Inflammation is crucial in the disease process through the upregulation of catabolic pathways,
ultimately resulting in articular cartilage degradation"”. At a physiologic level, there is a loss in the ability of
the joint to maintain normal homeostasis and, invariably, a transition to a catabolic environment. Despite
recent advances, no single treatment exists that effectively attenuates joint inflammation, restores the joint
to normal health, and promotes adequate regeneration of damaged tissues within the joint. Mesenchymal
stromal cells (MSCs) are at the forefront of regenerative medicine, and their purported ability to modulate
inflammation and facilitate regeneration in OA has gained increasing momentum'. However, the use of
MSCs as a regenerative therapy for OA is not without significant challenges, including; (i) the underlying
ethical concerns associated with the cell source, which is particularly true for embryonically derived
tissuel’; (ii) the possibility of undesired tissue formation, reflected by an unstable chondrocyte-like
phenotype, or in certain circumstances, teratoma or osteogenic tissue formation'; (iii) the technical and
financial demands of harvesting, isolation and expansion of cells in an environmentally controlled
facility"”; and (iv) the difficulties associated with upscaling and the lack of consistency across studies.
Ultimately it is challenging to conclude the optimal cell source and tissue donor as well as the most
efficacious delivery method and the optimal dose of cells required for regeneration'".

Extracellular vesicles (EV's) are lipid-bound carriers of nucleic acids, proteins, and lipids that are secreted by
all cells to affect cellular communication"”. There is now consensus that the EVs produced by MSCs are
responsible for the anti-inflammatory and regenerative effects"”. EVs represent a novel cell-free biological
therapy that may have similar or superior therapeutic effects to MSCs, yet overcome significant challenges
associated with using MSCs as a cell-based therapy"*. EVs have been investigated across many disease
syndromes"”, including the OA disease complex™”. OA is ultimately associated with inflammation and
articular cartilage degeneration. Administration of EVs has been demonstrated to significantly
downregulate inflammatory pathways, ameliorate the progression of OA, enhance healing of critically sized
osteochondral defects, improve the quality of repair tissue, and decrease pain in preclinical animal models
of OA"", These initial studies provide considerable evidence that EVs have an important role in
maintaining normal joint homeostasis and represent a cell-free therapy that may reduce inflammation and
promote the healing of articular defects, both of which are considered crucial in the treatment of OA.
However, the current limitation of these preclinical studies is that they were predominantly performed
either in vitro or in small rodent models"?. The horse has been used extensively as a translational model for
studying the pathogenesis of OA and the efficacy of various therapeutic interventions over the previous 30
years*?". The equine osteochondral chip fragment model of OA performed in the middle carpal joint has
been most commonly reported and produces a consistent post-traumatic OA that closely mimics the
naturally occurring disease in the horse"******’/. Preclinical trials using large animal models such as the horse
will advance our knowledge of the therapeutic potential of EVs in treating OA in humans. Close translation
to humans is possible because of the similarity of joint size, cartilage, and subchondral bone thickness, the



O'Brien et al. Extracell Vesicles Circ Nucleic Acids 2023;4:151-69 | https://dx.doi.org/10.20517/evcna.2023.11 Page 3

ability to serially sample synovial fluid, measure outcomes associated with joint pain, and both
arthroscopically and grossly assess joint responses to therapeutics. This review article summarizes the
current evidence surrounding the use of MSC-derived EVs for the regeneration of inflamed and injured
joint tissue and discusses the pathophysiology of OA with an emphasis on the benefits of using the horse as
a translational model.

THE HORSE AND ITS ROLE AS A TRANSLATIONAL MODEL OF OA

The use of the horse as a model of OA is not novel, and in contrast to small animal models, equine models
of OA have several key advantages. Their cartilage and subchondral bone anatomy are more similar to
humans compared to other animal models, and naturally occurring primary and secondary (post-traumatic)
OA is widespread!
fluid collection, arthroscopic intervention, postoperative management, and the acquisition of large tissue

19,24

|, Additionally, using equine models allows for diagnostic imaging, repeated synovial

samples”*. Indeed, rodent and small animal models may be helpful for initial screening studies; however,
large animal models generate more clinically relevant outcomes such as lameness scales and flexion scales,
and repeated serial synovial fluid sampling can be performed and are commonly required for regulatory
approval of therapeutic interventions in both veterinary and human medicine”.

A clinically translatable model should have similar anatomical characteristics to humans, particularly the
articular cartilage. Anatomic similarities are also important in joint biomechanics, which facilitates clinical
translation to humans. In comparison to humans, animal models differ in their gait, and the articular
cartilage composition (i.e., thickness) also varies widely. In rabbits, the articular cartilage is approximately
ten times thinner compared to humans and has a higher chondrocyte density and zonal cartilage layers that
may vary widely within the same joint”. In rodents, considerable differences are observed between
different strains; anatomically, their articular cartilage thickness and composition differ substantially from
humans™. Additionally, the skeletal maturity of rats is often difficult to assess as their growth plates remain
open throughout their lifetime™. Of the animal models, the horse possesses the most similar articular
cartilage thickness to humans®. The cartilage thickness at the distal aspect of the medial femoral condyle in
humans has been reported to vary between 1.65 to 2.65 mm". In a comparative anatomical study
evaluating articular cartilage thickness in the medial femoral condyle across species, the horse had the
closest approximation to humans regarding cartilage thickness, ranging from 1.5-2.0 mm®*. This thickness
allows for the creation of partial or full-thickness defects, which may be produced to a dimension that most
closely reflects chondral/osteochondral lesions in humans®". Critically sized defects can be created in the
articular surface of horses, and the horse is one of the few species in which defect dimensions relevant to
humans can be produced®™.

Several experimental equine models of OA have been described [Table 1]. Historically, intra-articular
injections of chemicals have been used to elicit joint inflammation. However, there are welfare concerns
around the level of induced lameness and the accuracy of OA replication"”. The most recently described
model of OA induction in the horse is the osteochondral chip fragment model in the metacarpal phalangeal
joint, though further studies are required to document efficacy in its ability to study therapeutics®>*. To
date, the most comprehensively reported equine model of OA is the osteochondral chip fragment model in
the middle carpal joint!*>>**.

The equine osteochondral chip fragment model of OA
This model produces a clinical syndrome reflective of naturally occurring OA in the horse”***\. It has been
extensively validated and utilized to evaluate the efficacy of various therapeutics to treat or limit the

progression of OAP**>*! [Table 2]. A comprehensive review of this model has been outlined previously".
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Table 1. Preclinical models of OA induction described in the horse

Length
Model of OA induction Joint involved of P.o pulation Outcome/Findings Year
follow size
up
Carpal osteochondral fragment Middle carpal 70 days 16 Lameness; effusion; increased radiographic 1994 -
model[1®3326341 scores of OA; Increased Col |; elevations in present
PGE-2; cartilage erosions; mild synovitis;
reduced proteoglycan content of cartilage
Transection of collateral and Metacarpophalangeal 8 weeks 6 Lameness; effusion; osteophytes; articular 1999
lateral collateral IigamentsBS] cartilage erosion; wear-lines
Single impact on the medial Medial femorotibial joint 84 and 10 Early decrease in synovial fluid GAG; 2006
femoral condyle[%] 180 days macroscopic and microscopic articular
lesions
Non-terminal osteochondral Metacarpophalangeal 16 weeks 11 Joint effusion; enthesophytes; superficial 2013
fragmentation[m chondrocyte death
Osteochondral fragment-groove>>’ Metacarpophalangeal 77 days 6 Lameness; increased synovial fluid IL-6, 2019
PGE-2, HA and IL-1Ra
Osteochondral fragmentationm] Metacarpophalangeal/ 12 weeks 8 Joint effusion; wear-lines; macroscopic and 2020
metatarsophalangeal microscopic cartilage damage; increased
Col |
Equine talar impact model*® Tarsocrural joint 6 months 8 Reduced bone sclerosis, cartilage 2020

fibrillation; increased PGE-2

GAG: Glycosaminoglycan; Col I: collagen type 1; PGE-2: prostaglandin E2; HA: hyaluronic acid; IL-1Ra: interleukin 1 receptor antagonist protein; IL-
6: interleukin 6.

Briefly, an osteochondral fragment is created at the distal-dorsal aspect of the radial carpal bone in one
randomly assigned middle carpal joint, while the contralateral joint serves as the unfragmented control".
In a separate group of horses, a fragment is also created in one carpal joint in the same location and the
contralateral limb again acts as the unfragmented control. In one group of horses, fragmented joints act as
treated OA joints, and in the other group of horses, fragmented joints act as control OA joints. Horses are
housed in a stall and, after a brief postoperative rest period, exercised on a high-speed treadmill that allows
for a defined exercise speed and distance. Bi-monthly lameness evaluations are performed throughout the
study period for the duration of follow-up. This model allows for clinical, clinicopathologic, biochemical as
well as histologic/immunohistochemical analysis of articular tissues frequently involved in the OA disease
process"”. Histologic examination of articular tissues has also been described according to the
recommendations outlined by the Osteoarthritis Research Society International initiative*”. Drug
interventions studied in this model are listed below [Table 2].

THE ETIOPATHOGENESIS OF OA AND THE ROLE OF INFLAMMATION

The pathophysiology of OA is complex and involves the entire joint, which includes the subchondral bone,
ligaments, joint capsule, synovial membrane, and peri-articular tissues”**®. With the perception to view the
joint as an organ, OA reflects failed repair of damage incited to any of these tissues™. Regardless of the
underlying etiology, the consensus is that OA is a whole joint disorder involving cartilage erosion,
subchondral bone sclerosis and synovitis®*. The role of inflammation, though once questioned, is now

recognized to play a pivotal role in the development and progression of OA™.

The question of what initiates inflammation in OA is still unclear and is likely to differ between endotypes
of the disease process (i.e., post-traumatic, age-associated). However, regardless of the inciting cause, the
importance of the innate immune system in the inflammatory cycle cannot be understated’. This system
may be activated by interactions between pathogen-associated molecular patterns on pattern recognition
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Table 2. Carpal osteochondral fragment model of OA induction in the horse and evaluated treatments

Treatment/Intervention Length of P_o pulation Outcome/Findings Year

follow up size

IA Betamethasone™"” 70 days 12 No difference in histopathological scoring between OA treatment and OA control joints, and no detrimental effects of treatment in 1994
OA joints

IA Triamcinolone™"*? 70 days 12 Reduced lameness in treated joints; improved articular histological parameters and synovial membrane parameters in treated 1998,
joints 1996

IV Sodium hyaluronatem] 70 days 12 Reduced lameness in joints of treated horses; reduced total protein and PGE-2 in joints of treated horses 72 h after surgery 1997

IA 6a-Methylprednisolone acetate'! 70 days 18 Reduced PGE-2, intimal hyperplasia, and vascularity but increased articular erosion and morphologic lesions in treated joints 1998

IA Interleukin-1receptor antagonist 70 days 16 Reduced lameness in treated joints; Reduced effusion; Reduced gross pathologic changes in treated joints; Reduced synovial 2002

protein vascularity; Improved proteoglycan content

IA Autologous conditioned serum™ 70 days 16 Reduced lameness in treated joints; Reduced synovial membrane hyperplasia in treated joints; Reduced gross articular fibrillation 2007
in treated joints as well as increased synovial fluid IL-1Ra concentrations

Oral Avocado/SoybeanBM 70 days 16 Reduction in severity of articular cartilage erosion; Increased GAG synthesis in OA joints of horses dosed with supplement 2007
compared with OA joints in undosed horses

Exercise and exercise plus OA on synovial 70 days 16 Increased synovial fluid CS846, CPIl, GAG, Col CEQ, C1,2C, osteocalcin, Col | in exercised horses. Increased synovial fluid CS846, 2008

fluid and serum biomarkers™>) CPIl, GAG, Col CEQ, C1,2C, osteocalcin, Col | and PGE2 in exercise and OA horses vs. exercise alone. Increased serum CS846,
CPIl, GAG, osteocalcin, C1,2C and Col | in exercised horses. Horses with OA and exercise had increased serum CS846, CPII, GAG,
osteocalcin, C1,2C and Col | vs. exercise alone.

Exercise vs. exercise and OA on imaging 70 days 16 Increased radiographic lysis and nuclear scintigraphic uptake in OA/exercise horses vs. exercise alone; Increased subchondral 2008

outcomes™®’! bone edema; Bone edema and scintigraphic uptake correlated with Col I and Col Il

|A Polysulfated GAG/HAM® 70 days 24 No adverse effects related to treatment; Reduced effusion; Reduced synovial membrane vascularity and subintimal fibrosis in 2009
treated joints; Reduced cartilage fibrillation with HA in treated joints

Extracorporeal shock wave therapy[m 70 days 24 No adverse effects associated with treatment; Reduced lameness in treated joints 2009

|IA Adipose-derived stromal vascular 70 days 24 Reduced PGE-2 in treated joints with BM-MSCs; Greater improvement with BM-MSCs 2009

fraction and BM-MSCs"*®!

Extracorporeal shock wave therapy 70 days 24 Increased serum osteocalcin and C-terminal telopeptide of Col | in joints treated with ECSWT; Synovial fluid CS846 greatest in 201

(ECSWT) and IM poIXsquated joints treated with ECSWT

glycosaminoglycans[ o

IM administered sodium pentosan 70 days 18 No adverse effects from treatment; Reduced articular cartilage fibrillation in OA joints in treated horses; Increased synovial fluid 2012

polysulfate[ chondroitin sulfate 846

Subjective vs. objective lameness’" 70 days 16 Reliable correlation between subjective and the inertial sensory system 2015

IV hyaluronan, sodium chondroitin sulfate, 70 days 32 Reduced articular cartilage erosion; Increased bone edema in treated joints identified via MRI; Reduced microscopic cartilage 2016

and N-acetyl-D-glucosamine abnormalities in OA joints of treated horses

Underwater treadmill (UWT)P? 70 days 16 Reduced synovial membrane inflammation with UWT; Improved symmetric thoracic limb loading, uniform activation patternsin 2017
UWT horses; Return to baseline carpal flexion in UWT horses

Oral Biota orientalis'”’ 70 days 16 Reduced PGE-2 in OA joints of treated horses; Reduced radiographic subchondral bone lysis, osteophyte formation, and 2022

subchondral sclerosis in the radial carpal bone; Decreased total radiographic score for OA joints of treated horses; No differences
in lameness, MRI findings macroscopic or histologic grading in OA joints of treated horses




Page 6 O’Brien et al. Extracell Vesicles Circ Nucleic Acids 2023;4:151-69 | https://dx.doi.org/10.20517/evcna.2023.11

IM: Intramuscular; 1V: intravenous; IA: intra-articular; CS846: Epitope 846; CPII: Epitope CPII; Col CEQ: Epitope Col CEQ; C1,2C: Collagen degradation fragments.

receptors of synovial membrane immune cells*”. The most important effect of the innate immune system involves the activation and polarization of synovial
macrophages to a predominantly M1 phenotype'. This macrophage phenotype transition leads to the production of proinflammatory cytokines that have
potent downstream signaling effects creating an environment that favors articular cartilage degradation'’.

Two cytokines crucial in the pathogenesis of OA are interleukin-1p (IL-1p) and tumor necrosis factor-alpha (TNF-a) and are produced mainly by synoviocytes,
mononuclear cells, and chondrocytes'”. These cytokines induce the expression of matrix metalloproteinases (MMPs), aggrecanases of the ADAMTS (a
disintegrin and metalloproteinase with thrombospondin motifs) family, prostaglandin E2 and a multitude of other proinflammatory mediators”*. Of these
catabolic molecules, MMP13 and ADAMTS-5 are considered the major enzymes involved in extracellular matrix depletion and cartilage degradation™. IL-18
and TNF-a also cause downregulation in the production of various anabolic cytokines such as insulin-like growth factor-1 (IGF-1), transforming growth
factor-B1(TGE-p1), fibroblast growth factors (FGFs) and bone morphogenetic proteins (BMPs)!*’. In physiologic conditions, a balance between anabolic and
catabolic pathways exists. In OA, this balance is lost. Therefore, it is crucial that an effective therapy reduces inflammation and restores the joint to a more
functional environment that may subsequently facilitate healing.

Treatment of OA in humans and horses

Articular cartilage is a uniquely hypocellular, avascular, and aneural load-bearing tissue supported by the underlying vascularized subchondral bone'*. The
capacity for adequate intrinsic repair is severely limited by its avascular, aneural, and acellular nature. Moreover, regardless of current repair techniques, the
neotissue is primarily fibrocartilage, which is functionally inferior to hyaline cartilage'®. Even the smallest chondral/osteochondral defects may significantly
alter the normal joint environment, ultimately leading to the initiation and progression of OA. The limited ability of cartilage to heal following injury has led to
the development of various therapeutic and surgical interventions in both humans and horses.

An ideal treatment for OA decreases pain, inhibits disease progression, and promotes the regeneration of affected tissues. A gold standard therapy has yet to be
identified, and treatment is challenging. Most equine and human patients with OA are managed for disease-associated pain, while the underlying cause is
rarely addressed. OA treatments can be broadly categorized into nonpharmacological, pharmacological, and surgical approaches that may have symptom and/
or disease-modifying effects'**”. Nonpharmacological methods commonly include weight reduction, exercise, and physical therapy that focus on restoring or
improving the function of early-stage OA patients'®”. Pharmacologic therapies in humans and horses frequently include the use of nonsteroidal anti-
inflammatories drugs (NSAIDs), corticosteroids, glucosamine, chondroitin sulfate, polysulfated glycosaminoglycans and hyaluronic acid (HA)"**".
Corticosteroids have been the most commonly used pharmaceutical to treat OA in horses for their potent anti-inflammatory and analgesic properties'*®.
However, treatment with NSAIDs and corticosteroids is not entirely benign, as their use has been associated with gastrointestinal compromise and deleterious

effects on cartilage, respectively” 7. More recently described treatments in horses and humans include the use of anti-nerve growth factor (anti-NGF)
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[54,74]

monoclonal antibody***, as well as gene therapy to specifically antagonize the effects of IL-1p**”". The
administration of anti-NGF monoclonal antibody in an equine experimental model of OA significantly
reduced synovial membrane inflammation and synovial fluid PGE2 and significantly improved pain®®".
Similarly, in humans, the use of anti-NGF in naturally occurring OA provided superior pain relief and
improved physical function in patients with knee OA"Y. However, the use of a commercially available anti-

NGF product is not currently available, and significant expenses are associated with its use.

The use of gene therapy to specifically antagonize the effects of IL-1p has been investigated in both humans
and horses to directly attenuate the inflammatory cascade”. Administration of IL-1 receptor antagonist
protein (IL-1Ra) was associated with significant improvement in pain, disease activity, and preservation of
articular cartilage in an experimental model of OA in horses®’. There were consistent reductions in
osteophyte formation and the degree of synovitis following treatment, as well as improvements in
subchondral bone erosions®”’. In humans, administration of IL-1Ra was associated with improvements in
Knee Injury and Osteoarthritis Outcome Score (KOOS) symptoms and sports parameters in patients with
naturally occurring OA". Clinical effects following IL-1Ra administration are most likely mediated via
reductions in inflammation, which is supported by significant reductions in histological synovitis scores and
articular prostaglandin-E2 levels”*™*. However, these treatments are designed to decrease inflammation and
improve pain rather than directly promote the regeneration of damaged tissues. In contrast, MSCs and
MSC-EVs have been investigated for their ability to facilitate the regeneration of damaged tissues in models
of OA!™™,

The Role of MSCs in treating OA in the human and equine patient

The use of MSCs has gained significant interest in the regeneration of damaged tissues across various
disease syndromes. Although regenerative medicine has progressed substantially, studies continue to differ
in their designation of the acronym MSC. In a position statement by the International Society for Cellular
Therapy, the term mesenchymal stem cell should be reserved for a subset of plastic-adherent cells that
express specific surface molecules and are capable of differentiating into specific, multiple cell types
in vitro”””". They propose to refer to the plastic-adherent cells commonly referred to as stem cells as
multipotent mesenchymal stromal cells; the same acronym applies; however, the definition of MSC is

clarified.

Several review articles have discussed the emerging role that MSCs may play in cartilage regeneration and
OA in humans, as well as the mechanisms involved underlying their therapeutic properties'®””*'. Briefly,
these studies may be separated into in vitro, animal studies (preclinical), and human studies (clinical)"®. In
vitro studies offer the advantage of a qualitative and quantitative assessment of explants through histology,
immunohistochemistry, qPCR, biochemical analysis, imaging, and mechanical testing"®. However, these
studies may lack clinical translation. This is true for some preclinical studies, while clinical studies lack the
ability to evaluate large samples of the neotissue architecture and rely primarily on improvements in clinical
scoring parameters'®'.

The majority of OA in vitro studies involve bone marrow (BM) derived MSCs stimulated with TGF-p1,
delivered in a natural scaffold to evaluate the regenerative capacity of cartilage following injury™. Most
preclinical studies have investigated the efficacy of BM-MSCs in downregulating inflammation and
proinflammatory pathways, increasing anabolic signaling, improving the quality of repair tissue in defect
models, decreasing pain, and ultimately, limiting the progression of OA™". Clinical studies commonly
focus on the capacity of BM-MSCs to improve predefined scoring parameters, including radiological
assessment (i.e., osteophytosis), subjective evaluation of tissue healing via arthroscopy, or decreased pain in
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patients with knee OA". However, it must be noted that there is extreme heterogeneity between study
designs. In vitro and preclinical studies differ considerably in the species, cell source, type of scaffold, and
method of MSC stimulation, and assessment of outcome parameters are also not similar.

Similarly, in clinical studies, there is an inconsistency between the tissue origin, dose of MSCs, method of
delivery, cell expansion stage, and rehabilitation protocols™. In a recent review evaluating the potential of
MSCs for treating knee OA and chondral defects in humans, there was an overall improvement across
studies in self-reported physical function and significant improvements in cartilage volume'™. In contrast to
humans, there are limited reports detailing the use of MSCs for the treatment of OA or joint injury in
horses“***I. Equine studies differ in their source of cells, the location of OA, and the type of joint
injury®**!. In horses with naturally occurring OA of the metacarpal phalangeal joint, administration of
chondrogenic-induced MSCs was associated with a significant improvement in lameness compared with
controls®. In a study on femorotibial joint disease, a greater proportion of horses with meniscal injuries
returned to work after treatment with BM-MSCs compared with previous reports®®*¥. Initial results in
horses and humans for using MSCs in OA are promising. However, the heterogeneity across study designs
leads to a degree of uncertainty in their use. While most studies report a low incidence of complications
associated with administration, it is crucial to consider the potential challenges related to MSC therapy for
OA.

MECHANISM OF ACTION OF MSCS AND THE ROLE OF EVS

The efficacy of MSCs was initially proposed to be attributable to their ability to differentiate into various
types of specialized tissues (i.e., chondrocytes)”. However, this theory has been redefined, and there is
increasing evidence that MSCs also have an important role in immunomodulation and paracrine
signaling. It is postulated that the functional benefits observed after MSC administration in experimental
models of tissue injury are more likely related to the production and secretion of bioactive factors™.

Ultimately, these are believed to modulate the injured tissue environment and organize subsequent
regenerative processes facilitated through cell migration, proliferation, and differentiation®. The release of
soluble factors underscores the paracrine signaling effects of MSCs, which mediate inter-cellular
communication®. In MSC culture and expansion, many of these soluble factors are released into the
conditioned medium. Several studies have shown that the administration of cell-free conditioned media
obtained from MSCs has similar reparative effects to MSCs alone****|. Historically, pivotal studies in EV
development and progression were focused on the cardioprotective effects of MSC-conditioned medium in
ischemic models of cardiac injury"**. First, administration of MSC-conditioned medium had similar
cardioprotective effects to MSCs alone, and second, it was shown that EVs were the main soluble factor
present in MSC-conditioned medium responsible for therapeutic efficacy**. It is now widely accepted that
EVs are the main soluble factor released by MSCs and are always present in MSC-conditioned medium"*.

The fact that MSCs show promise for the treatment of OA and that EVs are responsible for the therapeutic
efficacy observed with MSC treatment has led to a growing body of evidence for the use of EVs in OA"*".

Challenges associated with the use of MSCs in the treatment of OA

Increasing scientific attention toward EVs in OA therapies originates mainly from the inherent challenges
associated with using MSCs as a therapeutic. There are several challenges regarding the use of MSC therapy
for OA. Firstly, there are concerns with the use of cell-based therapy for the treatment of OA, including
potential immunological rejection, risk of teratoma formation, and ethical considerations regarding
acquisition®”. Generally, MSCs are considered to have minimal immunogenicity due to the low expression
of MHC-1 and HLA-1 and the lack of expression of other costimulatory factors®’. However, if the
amplification process and culture conditions are not maintained appropriately, MSC immunogenicity may
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increase"”””. Secondary immunogenicity may be related to in vivo positive feedback loops and could explain
the lack of efficacy reported in some clinical trials. One of the biggest challenges that MSC therapy poses for
OA is the difficulty of differentiated MSCs to maintain a stable phenotype. In some instances, the phenotype
may shift from chondrogenic to hypertrophic, which generally precedes osteogenesis*!. Additionally, MSCs
have a limited replicative lifespan once they transition into a state of senescence, and their beneficial effects
may therefore be short-lived"”. Ethical considerations for the use of MSCs must be addressed, and
widespread controversy remains surrounding the use of ESCs". The biggest current limitations are the
considerable heterogeneity across studies as well as the use of allogeneic sources. Despite extensive research,
one of the most critical issues in allogeneic MSC therapies is the choice of the donor, as the donor’s overall
health and age may affect MSC potential"”. Any underlying recipient comorbidities further complicate this
(for instance, diabetes in people), which may strongly influence signaling pathways"". Additionally, FDA
approval for cell-based therapies involves years of research, and the ability to commercially upscale MSCs is
wrought with expense, difficulty, and regulatory concerns. The use of MSCs as a regenerative therapy for
humans and horses with OA is still in its infancy. However, there is a shift of focus towards MSC-EVs
which present as a cell-free therapy with similar efficacy and great potential to overcome many of the
challenges that face the use of MSCs.

EXTRACELLULAR VESICLES

EVs are critical to intercellular communication over short- and longer-range signaling events”. They carry
a cargo of nucleic acids, proteins, and lipids reflecting their cellular origin and are released into the
extracellular space by nearly all cells during both physiologic and pathologic conditioning"*. EVs have been
isolated from various bodily tissues, including blood, milk, saliva, malignant ascites, amniotic fluid, and
urine. EV composition should not be considered a mere duplicate of cytosolic content but rather as
carriers of specific proteins and nucleic acids that are selective and packaged to deliver therapeutic cargo to
tissues.

EVs can be broadly categorized into three distinct groups based on their biogenesis and size. Discrete
biogenesis pathways form exosomes, microvesicles (MVs), or apoptotic bodies [Figure 1]. All three EV
types contain a bilayer lipid membrane surrounding a specific cargo of biomolecules (i.e., proteins, RNA,
and cellular debris)". It is their size and respective mode of biogenesis that distinguish them from one
another. Exosomes are the most widely studied, are approximately 30-150 nm in diameter, and are formed
by inward budding of endosomal membranes, resulting in the progressive accumulation of intraluminal
vesicles (ILVs) within large multivesicular bodies (MVBs)“". In contrast, MVs are much larger in diameter,
approximately 100-1,000 nm, and are released by outward budding of the plasma membrane. The cell
constituents of MVBs are less well-defined than exosomes". Apoptotic bodies are approximately
50-5,000 nm in diameter and are classified as heterogeneous vesicles that are released from cells undergoing
apoptotic cell clearance!”.

Molecular composition and cell sources of EVs

The cargo of EVs is incredibly complex, consisting of specific sorted proteins, lipid derivatives, and
abundant miRNA surrounded by a lipid bilayer membrane which protects the contents from the harsh
extracellular environment'. In recognition of the complexity and variation in molecular composition, the
International Society for Extracellular Vesicles (ISEV) was established to regulate studies and the
classification of EVs. In 2018, a position statement of the ISEV was established to define minimal
information for studies of extracellular vesicles (MISEV)®*. The collaboration of ISEV, MISEV, and online
databases (i.e., EV-TRACK) has increased knowledge and understanding of the luminal cargo of EVs.
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Figure 1. Biogenesis of EVs. Exosome formation begins with the invagination of the plasma membrane to form an early endosome. The
early endosome internalizes proteins and a variety of RNA that are packaged by the golgi apparatus, forming intraluminal vesicles
(ILVs) within a multivesicular body (MVB). The MVB travels to the cell membrane to release ILVs, which are then referred to as

exosomes. Microvesicles (MVs) are formed by the packaging of proteins and RNA at the level of the cell membrane by the process of
outward budding.

The physiologic and pathologic functions of EVs are closely related to their cell of origin. The molecular
composition of EVs may be affected by their cell of origin and is an important consideration, particularly if
a therapy is to be somewhat standardized and controlled. While numerous cells produce EVs, OA-related
research in horses and humans has almost entirely focused on MSC-EVs"". These studies have included
EVs derived from BM, adipose tissue, umbilical cord, synovial membrane/fluid, embryonically derived EV’s,
and EVs isolated from induced pluripotent stem cells (iPSC-EVs)"®. This brings into question the effect of
the MSC’s potency on EV efficacy. Adult MSCs have little capacity to differentiate into tissue types than
other stem cell types. Additionally, MSC-EVs sourced from young individuals promote osteogenic
differentiation and inhibit osteoclast formation®. In contrast, adult MSC-EVs may cause adipogenic
differentiation and activate osteoclasts””. However, the acquisition of adult MSCs is easier, and ethical and
legal implications involved with other cell types may be overcome. Therefore, most studies have isolated
EVs from adult MSCs. There is a lack of data comparing the potency of different MSC-EVs in the treatment
of OA. However, in one study, greater therapeutic efficacy was observed for iPSC-EVs compared to synovial
membrane-derived EVs in the treatment of OA"™. It was proposed that induced MSC-EVs increased
stimulation of chondrocyte migration and proliferation"™. At least in the context of adult MSC-EVs,
human adipose-derived MSCs EVs (ADMSC-EVs) may differ from BMMSC-EVs in molecular composition
and functional effects"". In horses, the molecular composition of ADMSC-EVs was shown to vary when
acquired from a single source*”, and BMMSC-EVs demonstrated improved anti-inflammatory properties
compared with synovial fluid-derived EVs in an in vitro model of inflammation"*. The relative
heterogeneity between studies further complicates the influence of cell sources on EV efticacy. While most
studies evaluate the effects of exosomes in OA or osteochondral regeneration, several studies have used
MVs!'#04% Tn one study, BMMSC exosomes and MVs were equally as effective in attenuating
inflammation in vitro and ameliorating OA in vivo"”. However, the same authors also showed that
BMMSC exosomes were more efficient than MVs in suppressing inflammation in vivo in a similar model of
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inflammation"*. The observed differences, although not entirely clear, are proposed to be due to variations
in immunomodulatory effects between different EV subsets. However, further studies are required for
clarification. Additional sources of EVs that have been described include amniotic and embryonically
derived EVs!"”7'* These sources of EVs are not as well described as BMMSC-EVs or ADMSC-EVs.
However, there is increasing evidence showing they play an important role in maternal cross-talk and
immunomodulation and also possess potent anti-inflammatory properties that are similar to their parent
MSC!"7*l, Bacterial EV's are also naturally occurring and have been investigated for treating bone disease
(i.e., osteoporosis)"'*""l. However, there is concern that naturally occurring EVs may have insufficient
targeting ability and poor therapeutic efficacy!'”. More recently, there has been an emerging focus on
engineered EVs to increase more precise control and specificity of protein and RNA delivery to target
cells!"»', Regardless of the source of MSC-EV or the type of EV, there is considerable evidence that EVs
isolated from adult stem cells efficiently reduce inflammation, and facilitate healing in experimental models
of OA, equally or more effectively than their parent MSC"**?),

EV intercellular communication and uptake mechanisms are essential in their ability to deliver their cargo.
Broadly, EVs may directly interact with extracellular receptors, fuse with the plasma membrane, or be
internalized"'*. The EV uptake mechanisms involve protein interactions that subsequently facilitate the
route of interaction. The use of fluorescent microscopy has allowed for direct visualization of EV uptake,
and it is proposed that internalization of the EV by the recipient cell is the most common uptake
method"*. Once internalized, the EVs undergo uncoating and fuse with endosomes, allowing for the
release of their cargo"'*. EV's may also fuse with the plasma membrane and release their content directly
into the cytosol of target cells or interact with cell surface receptors on the recipient cell generating

[114]

downstream signaling"'*.

Potential advantages to using EVs for OA

EVs are a novel, cell-free therapy with equal or superior efficacy to MSCs in the treatment of OA""*"**. As
a result, their potential role as a replacement for cell-based therapy to treat OA is rapidly accumulating
evidence. Compared to MSCs, one of the main benefits of using EVs is that they are a cell-free therapeutic.
This negates the requirement to administer a cell-based therapy and should assist EVs in overcoming many
of the regulatory obstacles and ethical concerns that challenge MSCs. Additionally, their small size and their
lipid membrane not only provide stability but help to prevent degradation. So far, across studies, no side
effects have been reported, which suggests that their administration may be safe, and they have reduced
immunogenicity compared with MSCs, although this still needs to be proven through rigorous safety
studies®. Unlike MSCs, EVs do not have additional procedures necessary for culture expansion or
delivery". With appropriate isolation procedures, current evidence suggests that EVs may be stored for
extended periods at -80 °C""'*.. The ability to remain stable over time makes EV's a potential off-the-shelf
therapeutic. With the development of more efficient manufacturing processes, such as tangential flow
filtration coupled with chromatography-based methods, upscaling with current-Good Manufacturing

Practices for therapeutic purposes may not be an impossible accomplishment in the near future!”"**.

The role of EVs in inflammatory signaling in OA

EVs facilitate communication between cells of different origins and are proposed to have a crucial role in
inflammatory signaling pathways in OA"**). During joint inflammation and disease progression,
infiltrating leukocytes and resident synovial macrophages are thought to activate fibroblast-like
synoviocytes in the synovial membrane through EV-mediated communication*'. Activated synoviocytes
maintain joint inflammation and release EVs that confer inflammatory signals to immune cells, thereby
modulating the release of cytokines and enzymes"*”. EVs isolated from OA-affected chondrocytes, as well as
inflamed chondrocytes and synoviocytes, can directly upregulate proinflammatory signaling cascades"**.
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EVs isolated from chondrocytes of OA-affected joints enhanced the production of mature IL-18 by
macrophages'””), and EVs derived from chondrocytes treated with IL-1p resulted in nearly a 3-fold increase
in MMP-13 compared to chondrocytes without IL-1f stimulation and upregulated the production of IL-1p,
TNF-0, and cyclooxygenase-2 (COX-2) from the synovial membrane**. Additionally, EVs from synovial
fibroblasts stimulated with IL-1p caused a significant increase in MMP-13, ADAMTS-5 expression in
chondrocytes, and downregulation of COL2A1 and ACAN"*. These studies highlight that the function of
EVs may change based on the overall health of the parent cell and that EVs are closely involved in
proinflammatory signaling events that are important in OA.

While EVs may play a role in the upregulation of inflammation in OA-affected joints, there is considerable
evidence that they also have potent anti-inflammatory and immunomodulatory effects in similarly inflamed
tissues"*'*>**'”7l_ Most studies treat chondrocytes with IL-1B, a model that reliably produces an
inflammatory response. In rats, the administration of BM-MSC-derived EVs to IL-1p stimulated
chondrocytes significantly attenuated the inhibitory effect of IL-1 on the proliferation and migration of
chondrocytes"*. This study also found that EV treatment significantly increased the expression of COL2A1
and ACAN and reduced the expression of MMP13 and ADAMTS5"*". In an inflammatory in vivo OA
model, EV treatment significantly upregulated COL2A1, downregulated MMP13 production, and
significantly improved pain scores in rats"**. In a study using human OA cartilage explants, administration
of BMMSC-EVs dampened TNF-a upregulation of COX2 and other proinflammatory cytokines and
inhibited TNF-a induced collagenase activity!*®. In a more recent study, treatment with human umbilical
cord MSCs (hUMSCs) derived EVs effectively promoted the polarization of macrophages towards an M2
phenotype, and treatment with the supernatant from EV stimulated M2 macrophages upregulated anabolic
gene expression and downregulated MMP-13 and TNF-a production on IL-1p stimulated chondrocytes.

In horses, the delivery of equine BM-MSC-derived EVs was shown to significantly reduce inflammatory
markers associated with OA in chondrocytes treated with IL-1p"***. Inflammation is considered a key
component in the pathogenesis of OA, and these initial studies highlight that EVs have potent anti-
inflammatory and immunomodulatory effects in inflamed and OA-affected tissues.

The role of EVs in cartilage and osteochondral regeneration

The potential role of EVs as a therapeutic for the treatment of OA extends well beyond their anti-
inflammatory effects. There is a growing body of research evaluating the potential role of EVs in facilitating
osteochondral and/or chondral regeneration in experimentally induced defects, or OA-affected
chondrocytes in vitro"*"*\. An overlap generally exists between in vitro studies that evaluate inflammation
and regeneration of OA-affected tissues, as these usually occur concurrently. In one study, chondrocyte
explants taken from naturally occurring OA-affected human knees and treated with allogeneic BMMSC-
EVs demonstrated cartilage regeneration and increased production of proteoglycans and type II
collagen"**. In another study, the administration of human BMMSC-EVSs to IL-1p stimulated chondrocytes,

suppressed chondrocyte apoptosis, and protected against degradation”.

Most preclinical studies have used rats or mice, in which osteochondral defects were surgically created and
designated as either a control or treated joint. EVs are most commonly acquired from BM and delivered
articularly, while the control treated joint varies between studies®. Across studies, outcome parameters
consistently compare the quality and the ability of repair tissue to integrate with adjacent tissue in the
treated joint relative to the control joint"®. In most studies, EV-treated joints show increased cellular
proliferation, enhanced matrix deposition, and improved histological scoring compared with
controls"”**"***!1 Osteochondral defects created in the trochlear groove of rats that were treated with EVs
demonstrated superior healing compared with controls (phosphate buffered saline), and by 12 weeks, there
was: (i) complete restoration of cartilage and subchondral bone with hyaline cartilage; (ii) complete
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integration with the adjacent articular cartilage; and (iii) an extracellular matrix composition that closely
resembled that of age-matched unoperated controls"”. Other preclinical studies in rodents demonstrate
consistent findings; that articular delivery of MSC-EVs into a joint with a surgically created osteochondral
defect promotes superior healing compared with control-treated joints"”"**"*. In addition to rodent models,
EVs also facilitate osteochondral/chondral repair in relevant porcine and rabbit models of osteochondral
damage'™**”). In the study by Zhang et al., 2022, osteochondral defects were created in the medial femoral
condyle in micropigs, and joints were either treated with either MSC-EVs and HA or HA alone”. The
administration of MSC-EVs produced significantly better MRI scores and functional cartilage and
subchondral bone repair, with significantly improved macroscopic and histologic scores and biomechanical
properties™”. In the study by Yang et al., 2022, chondral defects were created in the patella groove of
rabbits. Administration of human BMMSC-EVs facilitated cartilage regeneration, improved proteoglycan
content, and increased the International Cartilage Repair Society score!*”).

The ability of EVs to facilitate osteochondral regeneration is most likely attributable to their
immunomodulatory effects. Chondrocytes rapidly internalize EV's and, at least in part, activate receptor-
mediated signal transduction via phosphorylation of survival kinases such as AKT and ERK and favor a
higher infiltration of M2 macrophages over M1 macrophages*'. To date, the efficacy of EVs in treating OA
in the horse is limited only to in vitro studies.

Current challenges to using EVs for joint-based therapies

Despite the fact that there are numerous studies providing evidence for the use of EVs in OA, there remains
some degree of heterogeneity between studies in the isolation and characterization of EVs used. Though
there is a significant push by the ISEVs body to have more standardized criteria, further studies that have
more homogenous isolation, analysis, and delivery methods are required to create some degree of
consistency. Additionally, there is little information evaluating the optimal source of cells, stage of
differentiation, and method of delivery, all of which are likely to be important in the treatment of OA and
the development of a commercial product. The optimal delivery method cannot be understated, as there are
challenges associated with acquiring a sufficient number of EV's in in vivo and human clinical trials"*?. This
may be problematic with systemic delivery, where an increased number of EVs may be required for a local
therapeutic effect and overcome with regional (i.e., intra-articular) delivery. Further information is required
regarding the biodistribution of EVs and, more specifically, the site of action. Biodistribution is complex
and may be influenced by the cell source, route of administration, and targeting"**. Currently, there are only
several clinical trials evaluating the efficacy of EVs across a range of disease conditions"*”. Most of these
clinical studies focus on biomarkers, pathological mechanisms, and cancer treatment, and only a small
number evaluate the efficacy of EVs in the context of a joint-based therapy. Although there is evidence
supporting the use of EVs as a potential treatment for OA, another consideration is that the specific
mechanisms by which EVs promote tissue repair and regeneration have yet to be fully elucidated. Although
there is increasing evidence that miRNAs are important in mediating therapeutic effects, further studies are
required to discern the mode of action"*”. This is an important question as it may facilitate a targeted and
more specific treatment. Many of these unanswered questions are likely to be answered in the future with
more consistent and standardized protocols.

CONCLUSIONS

The use of EVs in treating joint disease is in its infancy. Initial results across in vitro/in vivo/preclinical/
clinical/ studies demonstrate that EV administration has potent anti-inflammatory and pro-regenerative
effects and enhances the qualitative and biomechanical properties of reparative tissue, a process most likely
mediated through immunomodulation. Therefore, EVs are an exciting potential therapeutic for the
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treatment of OA, with their efficacy demonstrated in these early, preliminary OA preclinical studies. The
acellular nature of EVss offers clinical safety and long-term storage/immediate use potential. Most preclinical
studies evaluating EV use in OA are confined to small animal rodent models. While these preclinical studies
are a necessary first step in documenting safety and efficacy, translating these findings to humans has
significant limitations. Future studies should focus on using a validated, consistent large animal model. Of
those described previously, the horse may offer the most clinically relevant model to allow close translation
to humans.
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