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Abstract

Sections

Theincidence of rheumatic diseases such as rheumatoid arthritis

and osteoarthritis and injuries to articular cartilage thatlead to
osteochondral defects is predicted torise as aresult of population ageing
and theincrease in high-intensity physical activitiesamong young and
middle-aged people. Current treatments focus on the management

of painand joint functionality to improve the patient’s quality of life,
but curative strategies are greatly desired. In the past two decades,

the therapeutic value of mesenchymal stromal cells (MSCs) has been
evaluated because of their regenerative potential, which is mainly
attributed to the secretion of paracrine factors. Many of these factors are
enclosed in extracellular vesicles (EVs) that reproduce the main functions
of parental cells. MSC-derived EVs have anti-inflammatory, anti-apoptotic
as well as pro-regenerative activities. Research on EVs has gained
considerable attention as they are a potential cell-free therapy with lower
immunogenicity and easier management than whole cells. MSC-derived
EVs canrescue the pathogenetic phenotypes of chondrocytes and exerta
protective effect in animal models of rheumatic disease. To facilitate the
therapeutic use of EVs, appropriate cell sources for the production of EVs
with the desired biological effects in each disease should be identified.
Productionand isolation of EVs should be optimized, and pre-isolation
and post-isolation modifications should be considered to maximize the
disease-modifying potential of the EVs.
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Key points

o Extracellular vesicles (EVs) have important roles in intercellular
communication and convey many components at their surface or
in their cargo that reproduce the functions of parental cells.

e Mesenchymal stromal cell (MSC)-derived EVs can regulate and
prevent symptoms in non-clinical models of osteoarthritis

and rheumatoid arthritis, notably by targeting local and systemic
inflammation, and restoring a healthy chondrocyte phenotype.

o Improvement of isolation yields of MSC-EVs and functionality
optimization by pre-isolation or post-isolation engineering are still
required.

o Clinical translation of MSC-EVs for treatment of rheumatic diseases is
ongoing, suggesting future potential for the treatment of these painful
and disabling diseases.

Introduction

Rheumatic diseases are a heterogeneous group of disorders affecting
joints, bones, muscles and connective tissues. They include diseases
such as osteoarthritis (OA) and rheumatoid arthritis (RA), which are
among theleading causes of severe disability worldwide. The economic
burden from rheumatic diseases is substantial.

Surgical interventions are sometimes necessary for severe
instances of rheumatic disease, particularly when joint damage is
extensive. However, factors such as disease complexity, systemic
involvement and complications can lead to poor surgical outcomes,
as described for OA'. Many therapeutic strategies focus on symptom
management rather than altering the progression of the underlying
disease. Medications such as NSAIDs are commonly prescribed to
control inflammation and pain. Physical therapy, occupational ther-
apy and assistive devices are also used forimprovement of joint mobil-
ity and function. Although these approaches can provide symptomatic
relief, they do not necessarily slow down or halt disease progression.

The use of mesenchymal stromal cells (MSCs) in cell-based thera-
pies is a potential strategy for the treatment of rheumatic disease.
The initial evidence that MSCs have potent immunosuppressive and
regenerative properties prompted many studies on their potential use
in rheumatic diseases®. Despite promising clinical results from rand-
omized clinical trials, MSC therapeutic benefitis rather unpredictable,
probably because of the substantial heterogeneity between donors, as
well as batch-to-batch variation®. Strategies aiming to use MSC-derived
extracellular vesicles (MSC-EVs) are being developed to overcome
some of the problems related to cell-based therapy. The interest in EVs
has progressively grown since the discovery that they have biological
content, withresultsindicating that MSC-EVs are potent mediators of
MSC effects locally and systemically, notably in OA*.

Inthis Review, we describe the sources of heterogeneity in MSC-EV
production, as well as the extensive work on the use of MSC-EVs for the
treatment of rheumatic diseases, focusing on OA and RA, with some
insights on other degenerative disorders. Furthermore, we elaborate on
the need for optimization of EV production, which could enhance the
isolation yield and their potency as biotherapeutics, and we discuss
the preclinical data conveying the promise of therapeutic applications
of MSC-EVs in rheumatic diseases.

EV heterogeneity: biogenesis, cargo and
interactions with target cells

In addition to the molecular secretome, large numbers of EVs are
secreted by cells. EVis “the generic term for particles naturally released
fromthe cell that are delimited by alipid bilayer and cannot replicate,
i.e. do not contain a functional nucleus” as endorsed by the Interna-
tional Society for Extracellular Vesicles’. EVs are secreted by all cell
types, are abundant in all biofluids and contain lipids, nucleic acids,
proteins and even organelles (mainly mitochondria)®. EVs were initially
thought of as contributors to protein quality control through the elimi-
nation of misfolded cellular compounds’. Over the years, further stud-
ies showing their composition and the functional aspects of their cargo
haveled torecognition of EVs asimportant mediators of intercellular
communication®, Several studies have shown that EVs have impor-
tant roles in bioactive-component exchange between cells in normal
homeostatic processes, and that they contribute to pathological devel-
opments. Therefore, understanding the mechanisms underlying the
factors that influence EV cargo composition is crucial for compre-
hendingtheir rolesinintercellular communication and their potential
applications in diagnostics and therapeutics.

EV biogenesis

Based on their biogenesis, EVs are now broadly divided into two main
categories (Fig.1). Vesicles of endosomal origin are traditionally called
exosomes and are formed by the inward budding of the endosomal
membrane during the maturation of multivesicular endosomes, result-
inginsecretion upon fusion of multivesicular endosomes with the cell
surface®. Data published in 2022 provide evidence of the participa-
tion of further endomembranes in exosome biogenesis, such as the
endoplasmic reticulum and nuclear envelope®. Another EV category,
referred to asectosomes, is generated by outward budding or blebbing
and subsequent fission of the plasma membrane, with EV release into
the extracellular space. Classification of ectosomes into microvesicles,
exophers, oncosomes, migrasomes or apoptotic bodies depends on
their cargo or the producer cells, as reviewed elsewhere™.

Cells can secrete extracellular nanoparticles that are not clas-
sified as EVs, but are instead known as non-vesicular extracellular
nanoparticles. Exomeres and supermeres are small non-vesicular
extracellular nanoparticles identified as a distinct subpopulation
of particles released by cells". They are smaller than typical EVs,
ranging from 22 nmto 50 nmin diameter (Fig.1). They are thought tobe
derived fromthe endosomal pathway and carry various molecules such
asRNA, proteins and lipids, but are distinct from each other in terms of
size, morphology, composition, cellular-uptake dynamics and tissue
distribution'. The study of their specific functions and mechanismsis
still at an early stage but is likely to identify these vesicles as potential
circulating biomarkers and therapeutic agents.

Because currentisolation methods cannot segregate EVs from dif-
ferent origins, and consensus has not yet emerged on specific markers
of EVsubtypes, assigning an EV to its biogenetic pathway is extremely
difficult. EVsizeis very heterogeneous and is not specific to particular
biogenetic pathways (Fig.1). However, differentisolation methods can
enhance specific size ranges in EV samples, so EVs are referred to in
some studies as small (usually 50-150 nmin diameter), medium (200-
800 nmindiameter) or large (usually >1 pmin diameter)®. Results have
shown that large and small MSC-derived EVs can differ in cargo com-
position and functions®. Functional analysis has shown that samples
enriched with small MSC-EVs have greater activity in promoting renal
protection frominjury invitro than samples enriched with large EVs*.
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Similarly, small EVs from untreated MSCs, but not large EVs, are able to
reducessigns of arthritisinamouse model”. These studies highlight the
functional heterogeneity of MSC-EVs and suggest that the enrichment
of specific EV fractions can be beneficial for clinical applications.

Cell source
Asingle cell can produce different types of EVs that have distinct struc-
turaland biochemical properties. Many mechanisms could potentially

be involved in the cargo formation process, as reviewed elsewhere',
A conserved range of proteins is enriched in EVs compared with their
parental cells, including CD9, CD63, CD81, tumour susceptibility gene
101 protein (TSG101) and specific lipids. However, other repertoires
(proteins, RNA, DNA, lipids and even organelles such as mitochon-
dria) that compose the EV cargo, membrane and corona can vary
drastically according to the cell source, cell viability, activation state
and biogenesis” . Some cell sources can produce particularly large
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Fig.1|Biogenesis, uptake and content of extracellular vesicles. Cells release
heterogeneous extracellular vesicles (EVs) and non-vesicular extracellular particles
(NVEPs, such as supermeres and exomeres) into the extracellular environment.

EVs encompass exosomes, which are released by exocytosis, and ectosomes
(including microvesicles, exophers, migrasomes and apoptotic bodies), which are
produced by budding or blebbing. EVs are delimited by alipid bilayer enriched in
phosphatidylserine, sphingomyelin and cholesterol as well as GTPase, tetraspanins

(CD9, CD63 and CD81), MHC class Iand class Ilmolecules, and several receptors and
ligands. EVs actin paracrine, autocrine or endocrine manners onrecipient cells, by
inducing cell responses through ligand-receptor interactions at the cellmembrane or
by delivering their cargo by direct fusion, endocytosis or phagocytosis. The EV cargo
contains RNA, DNA, proteins, lipids, metabolites and mitochondria. EVs also possess a
corona, whichis alayer of biomolecules that becomes associated with the EV surface.
IncRNA, long non-coding RNA; miRNA, microRNA; MVE, multivesicular endosome.
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quantities of EVs, whereas others can have efficient mechanisms for
packaging specific bioactive molecules within the EVs. For example,
bone-marrow-derived MSCs (BM-MSCs) exhibit greater EV production
capacity and secretory profiles than adipose-derived-MSCs (ASCs), sug-
gesting distinct activities of EVs derived from different MSC sources?.
EVs from different sources can therefore potentially have different
clinical uses.

Cell viability and ageing

During the process of apoptosis, cells release a distinct set of EVs that
comprises, in addition to exosomes and ectosomes, apoptotic bodies.
During apoptosis, the dying cell undergoes various changes, such as
DNA fragmentation and proteolytic cleavage of proteins. Consequently,
EVsfrom apoptotic cells contain unique protein fragments and modi-
fied DNA compared with other EV types?. Understanding the role of
EVs from apoptotic cells in intercellular communication is an active
areaofresearchinthefield of MSC-EV biology. For example, in astudy
from 2022 comparing apoptotic vesicles and exosomes derived from
MSCs, distinct protein cargo and surface markers were identified in
apoptoticvesicles, and the therapeutic potential of these vesicles was
demonstrated in the treatment of haemophilia A by leveraging the
Fas-FasL linkage to activate platelet functions and improve blood clot-
ting in mice lacking factor VIII*>. MSC-released apoptotic bodies also
promote cutaneous wound healing by triggering the polarization of
macrophages towards the M2 phenotype®. Therefore, the apoptosis
state of MSCs should be taken into account as it can affect the biological
functions of EV preparations.

Aspects of cellageing can alsoinfluence EV contentandyield. For
example, senescent MSCs secrete more EVs than non-senescent MSCs™.
EVs from senescent MSCs also differin their functional capacities. EVs
derived from ageing MSCs can lack the protective properties that are
observed with EVs from young MSCs in disease models that include
models of rheumatic diseases, as reviewed elsewhere”. Consequently,
the production of MSC-EVs should incorporate quality controls to
assess the proportion of senescent cells and evaluate their influence
onthe functionality of the EV batches.

Coronaformation

When EVs are released into the surrounding environment, they can
interact with various soluble components that participate in the forma-
tionofacorona, whichisalayer of biomolecules that becomes associ-
ated with the EVsurface”. Coronaformationisacommon phenomenon
in various biofluids, and the composition of the corona reflects the
specific cell type, the cellular environment and the conditions under
which the EVs are produced, as reviewed elsewhere”. The process of
corona organization is supposed to involve protein aggregation and
electrostaticinteractions. Inaddition to the non-specificadsorption of
proteins onto the surface of EVs, specific interactions betweenrecep-
tors and ligands can also occur®®. The corona caninfluence the interac-
tions of EVs with target cells or tissues®. Therefore, corona content is
another source of heterogeneityin EV preparations, and manipulating
the composition and characteristics of the corona could pave the way
toimprovements in the therapeutic applications of EVs.

EVisolation methods

The technique used for EV isolation can affect the composition and
characteristics of theisolated population. Differentisolation methods,
such as size-exclusion chromatography (SEC), ultracentrifugation,
ultrafiltration, precipitation and affinity-based isolation, each has its

strengths and limitations. Studies that have compared isolation tech-
niques for MSC-EVs have assessed factors such as concentration, size
distribution, surface markers and functional activity*”*°. Data indicate
that SECyields purer and more functional MSC-EVs than ultracentrifu-
gation. SEC-based isolation is gentle and it preserves the integrity of
EVs, but it can have lower recovery rates than other methods, making
it less efficient for large-scale isolation®°. Phosphatidylserine-based
affinity isolation results in the highest purity of EVs, but suffers from
EV loss®. Isolating MSC-EVs with high yield and purity remains chal-
lenging because of their small size and heterogeneity, meaning that
further technological advances are required to address these issues.

Interaction with target cells

As amechanism of cell-cell communication, EVs transmit signals to
target cells. EVs can transport molecules that are associated with the
corona or the lipid bilayer, or that are contained in the cargo that is
protected fromenzymatic degradation duringtransit to adjacent cells
or over longer distances. Following molecular interactions involving
membrane-exposed compounds from both cells and vesicles, EVs can
deliver fully functional content or activate molecular signalling through
membrane-based communication® (Fig.1). EVs can transmit informa-
tionby acting at the cell surface, without content delivery***, Alterna-
tively,once docked, EVs can deliver their cargo by direct fusion with the
plasma membrane, although such events are likely to be rare**. Most of
the experimental evidence suggests that EVs are usually incorporated
via endocytosis, using clathrin-dependent or clathrin-independent
pathways. EVs can also be internalized by phagocytosis, with incor-
poration into phagosomes and sorting into phagolysosomes in a
cytoskeleton-dependent way* . In the past few years, the capacity
of MSC-EVs to transfer their cargo to recipient cells has gained much
attention in the fields of regenerative medicine and drug delivery.
EVs possess interesting features such as low immunogenicity and low
toxicity, the ability to transfer cargo to the cytosol of recipient cells,
and the ability to cross natural boundaries, such as the blood-brain
barrier®. In this context, MSC-EVs have proved their therapeutic effi-
cacy in non-clinical models for various pathological conditions and
are currently being evaluated clinically™®.

The therapeutic benefits of MSC-EVs in OA
OAisachronic degenerative rheumatic disease that affects the articu-
lar cartilage, subchondral bone, ligaments, capsule and synovium*. In
apatientwith OA, one or more diarthrodial joints are affected, includ-
ingsmalljoints such as thosein the hand and larger joints such as the
knee and hip joints. OA is characterized by the slow destruction of
articular cartilage associated with low-grade inflammation of joint
tissues, changes to the subchondral bone and osteophyte formation.
Primary OA arises from a convergence of risk factors, in particular
advancing age and obesity. Additional factors that contribute to the
riskinclude knee malalignment, heightened biomechanical stress on
joints and genetic predisposition*. Currently, no therapeutic agent
has demonstrated effectiveness in modifying the disease progres-
sion or providing substantial benefits for patients with OA. Instead,
OA management typically focuses on pain relief, improvement of
joint function and lifestyle modifications such as exercise and weight
management*. In the past decade, the use of MSC-EVs has emerged
as a promising therapeutic tool to regulate OA joint pathogenesis.
Evidence now suggests that MSC-EVs can slow down inflammationin
synoviocytes and counterbalance changes in chondrocyte viability
and metabolism.
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Effects of EVs on chondrocytes and synoviocytes

BM-MSC-EVs can promote the proliferation and migration of OA chon-
drocytes stimulated with TNF*, Various microRNAs (miRNAs) and other
non-coding RNAs in MSC-EV cargoes can regulate the proliferation
and migration of chondrocytes. The long non-coding RNA (IncRNA)
H19 that is present in umbilical cord MSC-EVs (UC-MSC-EVs) acts as a
competing endogenous binding agent (or ‘sponge’) for miR-29b-3p,
thereby increasing FOXO3A expression and enhancing chondrocyte
migration**. The IncRNA H19 is also packaged in EVs from fibroblast-like
synoviocytes (FLS) and is reported to promote chondrocyte survival
and migration by targeting the axis of miR-106b-5p and TIMP2 (ref. 45).
Another IncRNA (KLF3-AS1) that is packaged in BM-MSC-EVs acts as
asponge for miR-206, thereby facilitating expression of GIT1, which
induces the proliferation of chondrocytes*. The IncRNA KLF3-AS1also
contributesto anincrease inthe number of proliferative PCNA-positive
chondrocytes in a rat model of OA". The non-coding circular RNA
circHIPK3, which is abundant in MSC-EVs, stimulates chondrocyte
proliferation and migrationand inhibits apoptosis*®. When transferred
into chondrocytes, circHIPK3 might act as a sponge for miR-124-3p
to promote myosin heavy chain 9 expression, thereby contributing to
cartilage protection.

Theimbalance between cartilage extracellular matrix (ECM) syn-
thesis and degradationin favour of catabolismin OA canbe corrected
by MSC-EVs, which can upregulate cartilage markers in vitro***=",
MSC-EVs enhance ECM synthesis through expression of glycosami-
noglycan, type 2 collagen and aggrecan. They also reduce ECM deg-
radation by decreasing expression of catabolic factors such as matrix
metalloproteinase (MMP)-1, MMP-3, MMP-9, MMP-13 and ADAMTS-5.
ASC-EVs can regulate the catabolic environment of OA by decreasing
NF-kB pathway activity®. This beneficial effect on ECM catabolism can
be mediated by miR-136-5p, which is enriched in MSC-EVs and which
regulates the catabolic activity of OA chondrocytes by targeting ELF3
and decreasing MMP-13 expression®. Another miRNA, miR-125a-5p,
is enriched in BM-MSC-EVs and interacts with E2F transcription fac-
tor, leading to downregulation of MMP-13 expression, which limits
cartilage degradationinvivo®. Besides their effects on chondrocytes,
EVs from MSCs over-expressing miRNAs, notably miR-92a-3p and
miR320c, canenhance the chondrogenic differentiation of mesenchy-
mal progenitors®°°. These findings suggest that intra-articular injec-
tions of MSC-EVs could favour the generation of chondrocytes from
mesenchymal progenitors and restore the physiological functions of
mature chondrocytes exposed to a pathological environment.

MSC-EVs can improve chondrocyte survival and reverse mito-
chondrial dysfunction. BM-MSC-EVs can protect OA chondrocytes
againstapoptosisinduced by IL-1 treatment*>*’. After uptake by chon-
drocytes, BM-MSC-EVs inhibit mitochondria-induced apoptosis via
inhibition of p38 and ERK phosphorylation, along with induction of
AKT phosphorylation. Oxidative stress-induced apoptosisisinhibited
by UC-MSC-EVs via the release of miR-100-5p, which targets NADPH
oxidase 4, thereby blocking the production of reactive oxygen species
(ROS)*®. Overexpression of miR-140-5p in EVs from dental pulp stem
cells inhibits chondrocyte apoptosis in a rat model of OA by regulat-
ing the expression of apoptosis-related proteins®’. In addition, the
upregulation of autophagy-related proteins LC3 and Beclin-1, notably
via peroxiredoxin 6 expression, reduces oxidative stress and promotes
mitophagy mediated by Drplin chondrocytes®®®. Notably, autophagy
ismodulated by miR-100-5p transported in ASC-EVs via theinhibition
of mTOR, which is deregulated in OA®. Other results indicate that
IncRNA KLF3-AS1 reduces apoptosis and senescence via activation of

the PI3K-Akt-mTOR signalling pathway, and IncRNA MEG-3 regulates
IL-1B-induced senescence and apoptosis in chondrocytes®**. More
recently, BM-MSC-EVs were shown to inhibit pyroptosis (a cell-death
programme that is induced by inflammation) via the delivery of
miR-326 to OA chondrocytes, thereby inhibiting histone deacetylase 3
(HDAC3) and activating the STAT1-NF-kB p65 signalling pathway®.
Finally, MSC-EVs can increase glutamine metabolism in OA chon-
drocytes and alleviate OA progression®®. These results support a
pro-survival role of MSC-EVs on chondrocytes exposed to an apoptotic
environment.

Effects of EVs onimmune cells

MSC-EVs can inhibit the production of pro-inflammatory factors
(notably TNF, IL-1B, IL-6, IL-8 and nitric oxide) by OA chondrocytes and
synoviocytes****. MSC-EVs can also act directly on macrophages to
reduce inflammatory macrophage infiltration and induce macrophage
polarization towards an anti-inflammatory M2 phenotype, resulting
in the reduction of synovial membrane hyperplasia®. In a rat model
of OA, intra-articular injection of BM-MSC-EVs resulted in reduction of
synovial-fluid concentrations of pro-inflammatory cytokines IL-13
and TNF, and elevation of anti-inflammatory IL-10 (ref. 69). The ben-
eficial effect of BM-MSC-EVs in reducing chondrocyte inflammation
and cartilage degradation in a rat model of OA might be mediated by
the IncRNA malat-1 (ref. 70). Interestingly, EV internalization in FLS
is mediated in part by the hyaluronan receptor CD44 that is present
on the surface of EVs and by hyaluronan that is expressed on FLS”.
Accumulated in vitro dataargue for an anti-inflammatory and anabolic
effect of MSC-EVs on both OA synoviocytes and chondrocytes. Invivo
results point to an efficient protective effect of MSC-EVs in various joint
compartments, but a curative effect remains to be demonstrated. The
next efforts should be aimed at improving the function of MSC-EVs
for better efficacy.

The therapeutic effect of MSC-EVs in RA

RAis a chronic systemic autoimmune disease that is characterized
by persistent synovial inflammation, which results in cartilage and
bone degradation, leading ultimately to joint deformities. RA pri-
marily affects the small joints of the hands and feet symmetrically.
However, it canalsoinvolve other joints, such as wrists, elbows, knees
and ankles. RA is characterized by joint pain, swelling, stiffness and
tenderness, and can also cause systemic symptoms, including fatigue,
fever, weight loss and general malaise’”. Genetic and environmen-
tal risk factors as well as systemic immune-cell dysregulation have
key roles in the pathogenesis of the disease and the loss of immune
tolerance”. The management of RA typically involves a combination
of pharmacological and non-pharmacological interventions. Cur-
rentdrugtreatments include DMARDs, glucocorticoids and NSAIDs.
DMARDs, such as Janus kinase inhibitors and antibodies targeting
specific immune cells and cytokines, can delay RA progression, but
20-30% of patients either do not respond to treatments or exhibit
major adverse effects’™.

MSCs from various sources have attracted attention for their
capacity to alleviate or prevent inflammation, and results from pre-
clinical studies and clinical trials are promising in terms of safety
and efficacy, as reviewed elsewhere”. Nevertheless, it is important
to note that in autologous settings, MSCs from patients with RA
have limited suppressive capacity, and in a more general fashion,
patients with RA receive medication that caninterfere with cell-based
treatments’®”’. Therefore, EVs isolated from allogeneic MSCs might
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be more therapeutically effective than autologous EVs, as assessed in
various non-clinical models of RA.

Role of MSC-EVsinimmune cellsin RA

The first report of the effect of murine MSC-EVs in RA demonstrated
immunosuppression via induction of regulatory T (T,,) and B (B,.,)
cellresponsesinvitroandinamouse collagen-induced arthritis (CIA)
model®. Interestingly, small EVs were more potent for in vivoinduction
of a B, cell response than larger vesicles. In the same mouse model,
the arthritic score and concentrations of inflammatory markers were
reduced after injection of human UC-MSC-EVs or gingival MSC-EVs
thatrestored the ratio of T helper type1(T,1) and T, 2 cellsto T, cells
infavour of the T, cell population”*°. In addition, UC-MSC-EVs were
shown to haveimmunomodulatory effects including regulation of the
imbalance between T, cells and T,;17 cells and of inflammatory fac-
tor secretion by peripheral blood mononuclear cells obtained from
patients with RA®'. Rat BM-MSC-EVs also have an anti-inflammatory
effect on macrophages in vitro, decreasing the expression of NLRP3
inflammasome-associated protein®. This effect is related to miR-223
carried by the EVs, which targets NLRP3. In vivo, subcutaneous injec-
tion of rat BM-MSC-EVs decreases the clinical score in the rat model
of complete Freund’s adjuvant-induced arthritis. EVs isolated from
human BM-MSCs cultured in normoxic, hypoxic or pro-inflammatory
conditions all have similar therapeutic effects in relation to knee-joint
swellinginanantigen-induced arthritis murine model through modu-
lation of the T,,—T,17 balance in the spleen and lymph nodes of the
animals®. These results suggest that hypoxic or inflammatory priming
of MSCs does not enrich EV cargoes in anti-inflammatory molecules
that could mediate a regulatory functionin RA models.

Role of MSC-EVsin FLSinRA
EVsderived from MSCs that overexpress particular miRNAs can modu-
late inflammatory phenotypes of FLS obtained from human or murine
synovia. Forexample, MSC-EVs with induced expression of miR-150-5p
can reduce expression of inflammatory and catabolic markers in RA
FLS in vitro and the arthritic score in vivo following intra-articular
administration®*. miR-150-5p-expressing BM-MSC-EVs also down-
regulate angiogenesis and tube formation (which is dependent on
cell migration and invasion) in human umbilical vein endothelial cells
by targeting MMP-14 and VEGF. Through the inhibition of synoviocyte
hyperplasiaand angiogenesis, MSC-EVs expressing miR-150-5p reduce
the progression of arthritis in the CIA model. Addition of MSC-EVs to
FLS cultures diminishes the secretion of pro-inflammatory cytokines,
and this reduction is accentuated by the use of miR-320a-enriched
MSC-EVs®. In the CIA mouse model, intravenous administration
of MSC-EVs containingmiR-320aimprovesthearthriticindexandreduces
serum concentrations of pro-inflammatory cytokines. Other miRNAs or
IncRNAs (such as miR-21 or HAND2-AS], respectively) that are present
in BM-MSC-EVs and taken up by FLS in culture also result in reduced
production of inflammatory cytokines®**®. HAND2-AS1 acts as a sponge
for miR-143-3p, promoting the expression of TNF-induced protein 3
and inactivation of the NF-kB pathway®®. Finally, human synovial
MSC-EVs regulate FLS-supernatant-induced angiogenesis via the
circEDIL3-miR-485-3p-PIAS3-STAT3-VEGF pathway®.

MSC-EVs can restrain proliferation and increase apoptosis of RA
FLS in preclinical models such as the CIA rat model®. This effect is
mediated by miR-140-5p, which targets SGK1, an essential regulator
ofimmune modulation®®. Overexpression of miR-124ain BM-MSC-EVs
alsopromotesin vitro apoptosis of rheumatoid FLS MH7A cells”. Invivo

inthe CIA mouse model, miR-21from BM-MSC-EVs suppresses produc-
tionofthetranscription factor KLF4 by targeting TET1, thereby reduc-
ing the proliferation of FLS and the production of pro-inflammatory
mediators®®. MSC transfection with circFBXW7-expressing vectors
produces circFBXW7-enriched MSC-EVs that suppress proliferation
and migration and enhance apoptosis in an RA FLS cell line, while
alleviating inflammation and arthritic score in a rat model of RA?%.
circFBXW7 can sequester miR-216a-3p, thereby increasing expression
of HDAC4, and notably expression of circFBXW7 and HDAC4 is lower in
clinical RAsamples thanin healthy samples. Expression of the IncRNA
HAND2-AS1 is low in RA synovial tissues, but induced overexpression
of HAND2-AS1in BM-MSCs produces HAND2-AS1-enriched EVs that
canincrease apoptosis and reduce proliferationinan RAFLS cell line®.
Finally, miR-320a, miR124a and HAND2-AS1expressed in MSC-EVs can
reduce the migration of RA FLS**', Altogether, the data argue for an
immunosuppressive and pro-survival function of MSC-EV cargoes on
RA synoviocytes.

Role of MSC-EVsin other cell typesinjointsin RA

MSC-EVs affect the course of arthritis in murine models primarily by
reducing inflammation and increasing apoptosis in the synovium.
Their role in chondrocytes has been far less frequently investigated.
However, inthe CIA rat model UC-MSC-EVs reduce the number of apop-
totic chondrocytes and increase the ratio of anti-apoptotic Bcl2 to
pro-apoptotic Bax markers®’. Therefore, MSC-EVs might alsoimprove
the survival of chondrocytes and their phenotype, which is altered
by the inflammatory and catabolic environment in patients with RA.

Therapeutic effects of MSC-EVs in other relevant
diseases

Inaddition to OA and RA, the effects of MSC-EVs have also been evalu-
ated in other disease models, with outcomes that could be relevant
to the development of EVs for rheumatological applications. Here,
we briefly discuss some of the studies with preclinical results in other
diseases of cartilage and bone.

Intervertebral disc degeneration

Intervertebral disc (IVD) degeneration is acommon spinal condition
characterized by the breakdown of the fibrocartilaginous discs between
thevertebrae, leading to pain, stiffness and reduced mobility®*. Experi-
mental and preclinical results are promising for therapeutic effects of
MSC-EVs in IVD degeneration, as reviewed elsewhere®. MSC-EVs can
reduce apoptosis in IVD cells and promote the synthesis of ECM com-
ponents, such as collagen and proteoglycans™”, helping to restore
the structural integrity and mechanical properties of degenerated
discs. Furthermore, MSC-EVs possess anti-inflammatory properties,
reducing the production of pro-inflammatory molecules and modulat-
ing the immune response within the disc microenvironment®***%°, By
suppressinginflammation, MSC-EVs can alleviate pain and inhibit the
further degradation of IVDs.

Osteoporosis

Osteoporosisisaprogressive bone disorder characterized by reduced
bone density and increased risk of fractures'°°. MSC-EVs can pro-
mote bone formation and regeneration by stimulating the prolifera-
tion and differentiation of osteoblasts, the cells responsible for bone
synthesis'*"'%, These EVs enhance the production of ECM components,
such as collagen and osteocalcin, leading to increased bone miner-
alization and improved bone strength. By modulating the immune
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system, MSC-EVs can also help to mitigate inflammation and reduce the
excessive bone resorption that is associated with osteoporosis'®> 1%,
Furthermore, MSC-EVs can stimulate angiogenesis, whichis crucial
for providing nutrients and oxygen to bone cells and promoting bone
regeneration'®,

Perspectives on EV-based strategies to improve
therapy in rheumatic diseases

Improving EV production and cargo loading

Despite enormous development in the field and demonstration of the
concept of EVs as potential biotherapeutic products, large-scale clinical
applicationstill faces some challenges. First, the capacity for EV produc-
tion by cells is limited, which might represent a drawback for disease
treatments that require high EV dosages. Recent technological efforts
have addressed key issues in EV biogenesis using various methods to
increase EV release. Genomic manipulation, adjustment of culture
conditions and the application of biophysical and mechanical forces
have shown that cellular metabolic changes can increase EV yields.
For instance, 3D culture of UC-MSCs has yielded a 7.5-fold increase
in EVyield compared with 2D culture, along with improvement of EV
biological activity in the promotion of osteochondral regeneration'*®.
Along with 3D culture, externally applied mechanical forces such as
cyclic mechanical stretch can increase EV production and biological
potential'”. Induction of hypoxiaand oxidative stress can also increase
release of EVs and interfere with their cargo, as reviewed elsewhere'®.
Furthermore, EV release from human BM-MSCs canbe boosted three-
fold by treatment with acombination of N-methyl-dopamine and nor-
epinephrine, withoutaltering EV functionality'®’. Another effective way
toincrease EV release is the modulation of key components of the EV
biogenesis machinery, including overexpression of the tetraspanin
CD9, upregulation of intracellular concentrations of calciumions and
overexpression of cortactin'* "2,

Other studies have focused on establishing strategies to gener-
ate EVs that contain a defined molecule either in the EV cargo or on
the membrane surface, to modify EV biological properties, stability
or ability to be incorporated by a specific target cell. The techniques
associated with the optimization of EV cargo and coronainclude pas-
sive techniques, such as incubation of EV-producing cells with the
drugs that are intended for delivery, as well as genetic techniques,
such as transfection of parental cells to enable specific molecules to
be incorporated into the EV biogenesis pathway™ (Fig. 2).

In terms of drug loading following EV isolation, various strate-
gies can be used, as reviewed elsewhere'™. Passive incorporation of
hydrophilic macromolecules (such as nucleic acids and proteins) might
require temporary disruption of the EV membrane via techniques
including sonication, electroporation, freeze-thawing, osmotic shock
and saponin permeabilization. However, the cargo-loading method
itself can alter the biophysical characteristics or biological function
of EVs, and the loading efficiency can vary between different types of

cargo™®.

Engineering MSC-EVs for therapy of rheumatic diseases

Various strategies can potentially increase the efficacy of EVs,
extend their presence at the site of action or their bioavailability, or
increase their penetranceintarget cells (Table 1). One strategy relies on
modification of the surface charge of MSC-EVs. Reversal of EV surface
chargeby post-isolationincubation with a cationicamphiphilic macro-
molecule (g-polylysine-polyethylene-distearyl phosphatidylethan-
olamine) can enhance cartilage uptake of MSC-EVs, their penetration

into cartilage and joint retention, leading to enhanced efficacy of OA
treatment'”. Metabolic engineering of EVs might enhance their target-
ing toinflamed joints"®. Inatest of this theory, the surface of parental
MSCswas engineered by bio-orthogonal click chemistry preceding EV
productionto express dibenzocyclooctyne-conjugated dextransulfate.
Following systemic administration of the engineered MSC-EVs to mice
with CIA, EVs accumulated in the inflamed joints, inducing a cascade
of anti-inflammatory events via macrophage phenotype regulation.
ROS-responsive EVs isolated from tolerogenic dendritic cells can be
generated by introducing a thioketal linker-embedded polyethene gly-
col (PEG) onthe EV surface viahydrophobicinsertion'’. PEG-decorated
EVs have prolonged circulation in the blood following intravenous
administration, and the detachment of PEG following ROS overproduc-
tionby activated immune cells ininflamed joints facilitates EV uptake
and a more efficient therapeutic effect in the CIA mouse model.

MSCs can be transfected with vectors that encode cargo mole-
cules, resulting inthe release of specifically enriched EVs. As described
above, MSC-EVs enriched for HAND2-AS1 can modify the ‘tumour-like’
properties of RA FLS¥. Similarly, overexpression of miR-155-5p and
miR-140-5p insynovial MSC-EVs increases the capacity of EVsto protect
cartilage and prevent OA%'?', EVs can also act as vehicles to deliver
genome-editing therapy. Inanexample of thisapproach, dendritic cells
were genetically modified to express Lamp2b, an exosomal membrane
protein, fused to a surface-displayed chondrocyte-affinity peptide,
leading to production of EVs that were then merged with liposomes
encapsulating CRISPR/Cas9 plasmids to generate hybrid vesicles'*.
Followingintra-articular administrationin arthritic rats, these hybrid
vesicles efficiently ablated the expression of Mmp13in chondrocytes
and attenuated the degradation of ECM proteinsin cartilage.

An additional approach to enhancing EV functionality relies on
priming MSCs prior to EV production. For example, IL-1B priming of
ASCs can enhance EV penetration into cartilage and inhibition of the
expression of inflammatory markers of OA chondrocytes'**'**. MSC
priming with TGFB1 causes miR-135b overexpression in EVs, which
increases chondrocyte proliferation by the negative regulation of
thetranscription factor Spl (ref. 125). TGF33-primed MSC-EVs shift the
phenotype of OA chondrocytes towards anabolism, inhibit apoptosis
and favour the M2 polarization of macrophages in vitro, and protect
against cartilage and bone degradation in an OA mouse model*. Similar
effects occur with curcumin-primed BM-MSC-EVs, which upregulate the
expression of miR-126-3pinIL-1B-treated OA chondrocytes, promoting
chondrocyte proliferation, migration and anabolism, and decreasing
oxidative stress and apoptosis?*'?’. Kartogenin-primed BM-MSC-EVs
also promote cartilage repair, and parathyroid hormone-stimulated
MSCs produce EVs that downregulate the secretion of IL-2, IL-6 and
TNF by OA chondrocytes, and increase their proliferation, migration
and the expression of type Il collagen'*'’, Finally, EVs produced after
MSC preconditioning with hypoxia are more prone to stimulating chon-
drocyte proliferation, migration and survival than EVs produced under
normoxic conditions, as aresult of the delivery of miR-216a-5p™%"!,

Another strategy to control the release of EVsinvolves embedding
theminabiomaterial. Implantation of ahydrogel composed of gelatin
methacrylate and decellularized cartilage ECM in an osteochondral
defect enables sustained release of MSC-EVs, leading to increased
chondrocyte migration, chondrocyte mitochondrial function restora-
tionand macrophage polarization towards an M2 phenotype'. Similar
results have been obtained using a thermosensitive hydrogel.

Few studies have compared the efficacies of different sources of
MSC-EVs. Nevertheless, evidence indicates that induced pluripotent
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Fig.2| Applications of MSC-derived EVs in OA and RA. Mesenchymal stromal
cell-derived extracellular vesicles (MSC-EVs) can be used in their native form,
they can be optimized by pre-isolation or post-isolation modification, and they
canbeassociated with biomaterials. EVs can be applied viaintra-articular
injection in patients with osteoarthritis (OA) or via systemic injection in patients

with rheumatoid arthritis (RA). Injection of EVs can improve disease features that
are specific to OA (osteophytes and chondrocyte apoptosis) or to RA (systemic
inflammation) or that are common to OA and RA (cartilage inflammation,
cartilage degradation and synovial inflammation). ECM, extracellular matrix;
M®, macrophage; Mono, monocyte.

stem cell-derived MSC-EVs are more effective than synovium-derived
MSC-EVs for the alleviation of OA™*. Results also suggest that
BM-MSC-EVshavegreater therapeuticefficacy than ASC-EVs'. Although
beyondthe primary focus of this Review, itisworth noting that sources of
EVsother thanMSCs have beensuccessfully used for OA treatmentin pre-
clinical models, including urine-derived stem cells™*"?’, platelet-rich
plasma*'* bovine milk'*° and M2 macrophages'*'. By contrast, evidence
suggests that EVs from endothelial cells increase chondrocyte apop-
tosis, whereas EVsisolated from IL-1B-treated synovial fibroblasts or OA
subchondral bone increase cartilage degeneration'*?™*, These findings
highlight the need to identify the best sources of cells or to generate
engineered cells or EVs toimprove EV-based treatments.

EVs from a variety of cell sources can be produced and modified
with increasing sophistication to enhance their homing and thera-
peutic potential, demonstrating the considerable potential of this
versatile therapeutic platform. As previously discussed, MSC-EVs are
the most frequently investigated source of EVs in many therapeutic

applications, and studies in non-clinical models have shown promising
results, notably in rheumatic diseases for which curative treatments
are still lacking.

Challenges in MSC-EYV clinical translation

The utilization of EVsin rheumatic disease therapeutics holds consid-
erable appeal because of theinherent complexity in their mechanism
of action. These particles possess the ability to activate numerous
interconnected signalling pathways and induce pro-anabolic or
pro-angiogenicresponsesinvarious cell types that are essential for car-
tilage or bone formation. This ability confers a distinct advantage over
methods based on individual growth factors, such as those involving
BMP-2 or BMP-7, which frequently fall shortin replicating the intricate
nature of bone formationand canresultin unfavourable consequences
to patients, such as ectopic bone formation'®. Moreover, although not
yet fully understood, the many mechanisms of action that complex EV
populations (in a single medicinal product) can exert to fight against
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several dysregulated pathways might be more effective than drugs
that target individual pathways. Engineered EVs can also be used as
vectors for different molecules or drugs with higher efficacy and safety
than current pharmaceutics or drugs in synthetic carriers. Polymeric
micelles, liposomes and nanoscale polymer-drug conjugates form the
foundation of nanoparticle-based drug delivery systems, which offer
enhanced pharmacokinetics and biodistribution of both chemical and
biological therapeutic agents. Nevertheless, their usage raises concerns
regarding potentialimmunogenicity and cytotoxicity, as well as their
clearance following clinical administration, as reviewed elsewhere'".

The safety and efficacy of MSC-EVs as therapeutic products are
currently being evaluated in clinical trials for the treatment of diverse

pathological conditions, in particular inflammation-related diseases
and COVID-19 or acute respiratory distress syndrome®. Two trials
in musculoskeletal diseases (meniscus injury and OA) are currently
recruiting patients. The phase Il trial NCT05261360isintended to evalu-
ate and compare the efficiency of autologous synovial-fluid-derived
MSCsandtheir corresponding EVs onkneeinjury. Patientsinthe experi-
mental group will receive asingle dose of MSCs (1 x 10® cells perkg) in
the right knee and a single dose of their corresponding EV in the left
knee by intra-articular injection. Thirty patients will be recruited and
the readout on clinical efficacy will be assessed 1year after the treat-
ment. The other registered trial NCT05060107) is a phase I study aim-
ingto assess the safety and efficacy of asingle intra-articularinjection

Table 1| Engineering of EVs using pre-isolation or post-modification techniques in preclinical models of rheumatic diseases

Cellsource Modification Pre-isolationor Disease Outcome Ref.
post-isolation model

Human iPSC-derived Reversal of EV surface Post-isolation OA Enhanced cartilage uptake, cartilage penetration and joint retention 17

MSCs charge capacities in vitro; improved intra-articular bioavailability in vivo

BM-MSCs Implantation of EVsin a Post-isolation OA Enhanced chondrocyte mitochondrial dysfunction and chondrocyte 132

3D-printed scaffold migration, polarization of the synovial macrophage response towards an

M2 phenotype; cartilage regeneration in the rabbit model

hASCs IL-1B-primed cells Pre-isolation OA Increased chondroprotective miRNA cargo; faster penetration of EV in 123
collagen-rich areas of cartilage explant

hBM-MSCs TGF-B3-primed cells Pre-isolation OA Induction of chondrocyte marker expression and decrease of catabolic 49
and inflammatory marker expression, reduction of chondrocyte apoptosis
in vitro; enhanced OA-induced damage in a mouse model

hBM-MSCs IL-1B-primed cells Pre-isolation OA Inhibition of OA chondrocyte inflammatory marker expression in vitro via 124
miR-147b from EV cargo

hBM-MSCs Curcumin-primed cells Pre-isolation OA Upregulation of miR-126-3p in OA chondrocytes leading to migration, 126
proliferation, anabolism and lower oxidative stress and apoptosis

hBM-MSCs PTH (1-34)-primed cells Pre-isolation OA Increase in in vitro OA chondrocyte migration, proliferation and chondral 128
matrix formation

mMSCs TGF-B1-primed cells Pre-isolation OA Increase in miR-135b in EV cargo and in chondrocyte proliferation by 125
negative regulation of the transcription factor Sp1 in vitro; reduction of
cartilage degradation in vivo

mASCs Curcumin-primed cells Pre-isolation OA Decrease in chondrocyte oxidative stress and apoptosis in vitro and 127
improved cartilage protection in vivo

mBM-MSCs Kartogenin-primed cells Pre-isolation OA Increased chondral matrix formation and diminution of tissue degradation 129
in an OA model

mBM-MSCs Hypoxia pre-conditioning  Pre-isolation OA Augmentation of in vitro chondrocyte proliferation, migration and survival 130
via the miR-216a-5p-JAK2-STAT3 signalling pathway

Human synovial miR-155-5p overexpression Pre-isolation OA Enhanced articular chondrocyte proliferation and migration without 120

MSCs damaging ECM secretion in vitro, and prevention of OA in vivo

Synovial MSCs miR-155-5p overexpression  Pre-isolation OA Stimulation of OA chondrocyte proliferation, migration, ECM secretion and 121
suppression of chondrocyte apoptosis in vitro, through Runx2 targeting;
prevention of OA in a mouse model

hBM-MSCs Hypoxia pre-conditioning  Pre-isolation OA Improved chondrocyte proliferation and migration and suppression of 131
chondrocyte apoptosis in vitro through the miRNA-18-3P-JAK-STAT or
miRNA-181c-5p-MAPK signalling pathways

hBM-MSCs HAND2-AS1 overexpression Pre-isolation RA Suppression of the proliferation, invasion, migration and inflammation 87
and induction of apoptosis in RA-FLS in vitro and in vivo through the
inactivation of the NF-kB pathway via the miR-143-3p-TNFAIP3 axis

hASCs Cell surface modification Pre-isolation RA Enhanced targeting ability to inflamed joints; lower levels of inflammation 18

by click chemistry

and strong polarization effect towards the anti-inflammatory macrophage

phenotype in vitro and in vivo

ASC, adipose-derived MSC; BM-MSC, bone-marrow-derived MSC; ECM, extracellular matrix; EV, extracellular vesicle; FLS, fibroblast-like synoviocytes; hASC, human ASC; hBM-MSC, human
BM-MSC; iPSC, induced pluripotent stem cell; mASC, mouse ASC; mMSC, mouse MSC; mBM-MSC, mouse BM-MSC; MSC, mesenchymal stromal cell; OA, osteoarthritis; PTH, parathyroid

hormone; RA, rheumatoid arthritis.
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of MSC-derived exosomes in patients with moderate knee OA. A dos-
age of 3x10" to 5 x 10" EV particles from allogeneic UC-MSCs will be
assessedin10 patients, with al-year follow-up torecord adverse events,
pain, synovitis, disability and the percentage of responders. This study
willbe the first-in-human clinical trial using MSC-EVs for the treatment
of arheumatic disease.

Compared with parental cells, MSC-EVs have potential benefits in
several domains: safety, because they cannot replicate and can be fil-
tered through 0.22-um membranes for sterilization; immunogenicity,
asthey have low expression of MHC molecules; and ease of use, as they
can be stored at —80°C or even at room temperature as off-the-shelf
lyophilized products®. Nevertheless, there remain many challenges
to address related to the scalable production, batch-to-batch stand-
ardization and characterization of EVs for clinical-grade production
as biological products'*®. More studies are needed to control factors
that might interfere with the treatment scheme. Reducing variabil-
ity between MSC sources and donors to enhance reproducibility in
clinical outcomes could be achieved using universal MSC sources of
eitherimmortalized MSC lines or induced pluripotent stem cells, for
unlimited access®. The pharmacokinetics, toxicity and mechanism
of action of MSC-EVs related to the intended application will have to
be identified. The characterization of the active substance and the
‘excipient’ non-biologically active components of MSC-EVs will have to
be documented before proceeding to theindustrialization step. Boost-
ing the biological efficacy of MSC-EVs by engineering parental cells or
post-production EVs as well asimproving EV delivery by encapsulation
inhydrogels for a prolongedin vivo effect might help to bridge the gap
towards industrialization. Nonetheless, the categorization of EV pro-
ductsis necessary accordingto the source of the EVs and whether they
canbe considered as native EVs or as vector EVs transferring biological
information or drugs, to enable authorization by regulatory agencies
before patients can be recruited for EV-based therapies.

Conclusions

Inthe past decade, developmentsinthe study of EVs for clinical appli-
cations haveidentified MSC-EVs as potential innovative therapeutics.
Inthis emerging field, sufficient evidence hasbeen provided toindicate
thatrheumatic diseases, in particular (but not exclusively) OAand RA,
could be treated using EV-based therapies. A rapidly growing body
of evidence now indicates that MSC-EVs have key roles in the regula-
tion and prevention of these diseases, notably by targeting both local
and systemic inflammation, and by restoring a healthy chondrocyte
phenotype. However, it has to be underlined that RA treatment is more
challenging than OA because of the systemic nature of the disease
and the occurrence of damage to multiple joints. The EV field has to
take advantage of the vast amount of data gathered from the recent
MSC-based clinical trials to better design future treatments. One pos-
sibility istostratify patients who are better responding to treatments or
toidentify predictive markers of response to treatments. To date, a sin-
gle phaselclinicaltrialis currently recruiting patients for MSC-EV-based
OA treatment. As yet, the optimal dose and timing of treatments have
not been investigated in large-animal models, which should be more
relevant to the human condition than murine models. An interesting
option, whichis difficult to achieve using parental MSCs, would be to
userepeated doses of allogeneic MSC-EVs or encapsulated MSC-EVs for
more efficient and long-term treatments. MSC-EVs show exciting poten-
tial for reducing inflammation and improving survival and anabolic
activity of cellsin the different joint compartments, thereby providing a
novel treatment approachtorheumatic diseases. Nevertheless, further

workisneededto deepenthe understanding of their functionality and
the way to improve their effectiveness in the context of regenerative
medicine to help slow down disease progression.

Published online: 4 September 2023
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