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Abstract



Introduction: Mesenchymal stem/stromal cell (MSC)-based therapies in cartilage repair
and osteoarthritis (OA) treatment has gained attention. Recently, there has been
increasing evidences to suggest that MSCs secrete a wide range of trophic factors to
modulate the injured tissue environment. Extracellular vesicles (EVs) have been
suggested to explain the positive and sometimes curative effect, through the paracrine
stimulation of the resident progenitor cells to aid in repair.

Obijectives: To give a narrative review of the current evidence for MSC-derived EV’s
potential therapeutic effects and future perspectives for the treatment of OA.

Methods: A literature search was conducted using the MEDLINE databases in
November 2023. A total of 24 animal studies describing EV including exosome utilized
in cartilage and OA treatments were identified and analyzed.

Results: Preclinical animal studies indicated that the EVs could enhance the therapeutic
effects for the treatment of OA, although the purification methods for EVs and their cell
sources would be highly relevant to therapeutic efficacy. In contrast, there have been no
published clinical studies regarding EVs for the treatment of OA, and thus properly
controlled clinical trials and regulations are essential steps in the future clinical

applications.



Conclusions: The current evidences suggest that the administration of MSC-derived

EVs into damaged joints could effectively reduce cartilage loss and alleviate the

progression of OA. In contrast, there are still several potential problems to be solved,

including their classification, safety and toxicity in clinical use, as well as optimal

dosage and frequency for human administration.
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Introduction

Osteoarthritis (OA) is the most common joint disease affecting 595 million people
worldwide . However, repair of damaged joints has remained challenging because
cartilage generally has a poor healing capacity 2. Current treatment approaches range
from lifestyle modifications, physical therapy, and symptomatic slow-acting drugs for
OA, to more invasive interventions like arthroscopic management, osteotomy, and total
knee arthroplasty 3. Despite the effectiveness of these methods, around 30% of patients
express dissatisfaction #. Consequently, there is a growing need for less invasive and
innovative therapies to cater to an expanding population of active individuals
experiencing symptomatic OA °.

Recently, mesenchymal stem/stromal cells (MSCs) have particularly been in focus of
research in the recent decade owing to their property to facilitate regenerative cartilage
repair similar to native hyaline cartilage ®8. These cells can also be isolated from
various tissues such as bone marrow, adipose tissue, and synovial membrane °*3. Such
cells have several advantages including relatively easy extraction, low cost for isolation
and culture, autologous nature, and an immunomodulatory ability which can broaden
treatment options to the patient *4. The efficacy of autologous or allogenic MSCs in

cartilage repair has been demonstrated in animal studies as well as clinical trials "815-17,



As minimally invasive method, intra-articular injection of MSCs has been performed,
and showed some positive results with regard to clinical improvement and safety 18-22,
The use of MSCs to repair cartilage tissues was based on the hypothesis that these cells
could either differentiate into chondrocytes directly or indirectly through the paracrine
stimulation of the resident progenitors to repair the damaged tissue 2. In recent years,
there is increasing evidence to suggest that MSCs secrete a wide range of trophic factors
to modulate the injured tissue environment and to orchestrate subsequent regenerative
processes including cell migration, proliferation, differentiation, and matrix synthesis 2.
As such interactions between MSCs and the target cells, local secretion of growth
factors and cytokines 2°, gap junction 2® and nanotube signaling 2’ play important roles.
Additionally, the part of paracrine effects of MSC is exerted through the release of
extracellular vesicles (EVs) that includes exosomes, microvesicles and apoptotic bodies.
EVs are considered the natural, efficient transport carrier (e.g., lipid, proteins, mMRNA
and micro RNA) and can maintain functional characteristics similar to their parent cells.
This insight has given rise to a new paradigm wherein EVs are collected from MSCs
and used to treat damaged tissue. The cell-free nature of EVs suggests that they may

have a more favorable safety profile than cell-based therapies. Thus, this paper aims to



review the current evidence for EV’s potential therapeutic effects, regulation and future

perspective for the treatment of OA.

Pathology of OA

OA is characterized by degenerative changes, such as articular cartilage loss,
subchondral bone thickening, and osteophyte formation 222°. The primary morphologic
changes include thinning, fissuring, and fragmentation of articular cartilage. With the
progression of the disease comes a continuous loss of articular cartilage, accompanied
by a decrease of type-11 collagen and aggrecan, leading to exposure of subchondral bone
3031 Secondary changes are frequently seen in the underlying bone including fibrosis,
cystic change, and new bone formation. These changes are considered to be triggered by
a multitude of factors, including ageing, trauma, obesity, mechanical overload,
congenital disorders, genetics and infection, which fail to heal spontaneously once
damaged has started.

On the molecular level, OA development is associated with loss of homeostatic
balance between degradation and repair mechanisms in the articular cartilage 3%, Such
an imbalance induces senescence, differentiation, proliferation, and death in joint cells

through gene and/or protein expression networks that switch from anabolic to catabolic



outcomes *. Cartilage-degrading enzymes, such as a disintegrin and metalloproteinases
with thrombospondin motifs (ADAMTS)-4 and ADAMTS-5, and matrix
metalloproteinase (MMP)-13, play critical roles in OA pathogenesis *°. Periarticular
bone formation like osteophyte is generated by a process of endochondral ossification
that recapitulates the cellular mechanisms of bone growth that occur during skeletal
growth and development in which new bone is formed by replacement of a cartilaginous
matrix 34,

Also, it would be important to identify OA subtypes concerning the selection of
corresponding interventions for treatment responders. With a recent advance in
bioinformatics-based OA subtype analyses, Yuan et al. reported four distinct OA
subtypes based on the knee joint tissue transcriptome atlas: a glycosaminoglycan
metabolic disorder subtype (C1), a collagen metabolic disorder subtype (C2), an
activated sensory neuron subtype (C3), and an inflammation subtype (C4) *°. These
findings revealed distinct molecular subtypes in knee OA patients and may allow for
precise diagnosis and treatment of OA as an alternative of traditional OA diagnosis by

medical imaging *.

Extracellular vesicles (EVS)



EVs are membrane-bound vehicles classified based on their biogenesis and size into
exosomes (30-150 nm in diameter), microvesicles/microparticles, and apoptotic bodies
(both considered to be >100 nm) . Exosomes are secreted to the extracellular
environment through the fusion of multivesicular bodies with the plasma membrane.
The last two types of vesicles are released through the forward budding of the plasma
membrane in living and dying cells, respectively. Among them, exosomes are presently
considered more important as evidenced by the exponentially increasing number of
exosome-related publications in recent years *°. EVs are generally recognized to be
intercellular communication vehicles and function to transfer lipids, nucleic acids
(mRNAs and micro RNASs) and proteins between cells to elicit biological responses in
recipient cells that are reflective of the cargo contents *’.

As nomenclature, the International Society for Extracellular Vesicles (ISEV)
endorses “extracellular vesicle” (EV) as the generic term for particles naturally released
from the cell that are delimited by a lipid bilayer and cannot replicate, i.e. do not contain
a functional nucleus . Since consensus has not yet emerged on specific markers of EV
subtypes, such as endosome-origin “exosomes” and plasma membrane-derived
“ectosomes” (microparticles/microvesicles), assigning an EV to a particular biogenesis

pathway remains extraordinarily difficult unless e.g. the EV is caught in the act of



release by live imaging techniques . Thus, the term is unified as EV in this article,
according to the ISEV.

EVs for potential therapeutic applications in OA can be obtained from various
sources “°. The sources of the unmodified EVs include: 1) Stem cells, including bone
marrow MSCs (BMSCs), adipose MSCs (AMSCs), synovial MSCs (SMSCs), and
others; 2) Adult cells - immune cells (macrophages, neutrophils), and various
components of joint structures (chondrocytes, synoviocytes, tenocytes); 3) Body fluids -
blood-derived EVs like platelet-rich plasma exosomes (PRP-Exos) and synovial fluid
EVs and 4) Other species - biomaterials from other species such as milk.

On the other hand, modified EVs for OA treatment covers various strategies,
categorized into modifying donor cells and modifying EVs directly. Donor cell
modification includes 1) biochemical approaches like a) co-incubation with anti-
inflammatory substances (e.g., curcumin), b) gene transfection (e.g., micro RNA
overexpression), and c) hypoxic methods and 2) mechanical approaches, like low
intensity pulsed ultrasound (LIPUS), and 3D culture methods. Direct EV modification
involves 1) loading exogenous cargoes by methods such as a) electroporation (creating
a transport hole in the EVs membrane through an electric field, allowing the

entry of exogenous cargo) and b) direct mixing; 2) modifying the EV membrane for

10



enhanced targeting and delivery and 3) biomimetic EVs (synthetic EVs), such as hybrid
EVs and EV-like nanoparticles.

The mechanisms and pathways associated with EV uptake has been studied to
understand the intercellular communication via EVs #42, When EVs reach recipient
cells, they will bind to the cell surface and can undergo various fates. Depending on the
cell type, EVs can remain bound to the surface, that initiating intracellular signaling
pathways “. Other than that, EVs may also be internalized by multiple pathways,
including macropinocytosis, phagocytosis, caveolar endocytosis, clathrin-mediated
endocytosis, lipid rafts-mediated endocytosis, and membrane fusion 3. Internalized
exogenous EVs reach multivesicular endosomes (MVES), in which they will be likely to
mix with endogenous intraluminal vesicles (ILVs). Fusion of MVEs with the lysosome
will lead to the degradation of EVs and the recycling of their contents to promote the
metabolism of the recipient cell. EVs docked at the plasma membrane of MVESs can
release their intraluminal contents into the cytoplasm of the recipient cell by fusion.
Most of the detail process has been still unknown but it would be import to understand

the delivery of intraluminal cargoes.

Therapeutic effects
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MSC-based therapy has been extensively studied and shown to be promising for
cartilage defect repair “%°. Additionally, intra-articular injection of MSCs into the knee
joint with OA has exhibited reliable safety, and (partially) alleviated knee pain and
function %648, Although the detailed mechanisms for MSC-based OA treatments have
not been well clarified, an increasing number of studies have suggested that the
therapeutic effects of stem cells are mainly dependent on the paracrine function of stem
cells, including the secretion of EVs %%4°, To date, EVs from different types of MSCs
have been revealed to regulate cartilage regeneration and attenuate OA progression °.

The EVs derived from BMSCs exerted chondroprotective and anti-inflammatory
function in vitro, by enhancing the expression of chondrocyte markers (type 11 collagen
and aggrecan) and inhibiting catabolic (MMP-13, ADAMTS5) and inflammatory
(iNOS) markers, and protected mice knees from developing OA . Also, BMSC-
derived EVs could relieve pain via abrogation of aberrant CGRP-positive nerve and
abnormal H-type vessel formation in the subchondral bone, and attenuate cartilage
degeneration and facilitate subchondral bone remodeling by inhibiting tartrate-resistant
acid phosphatase expression and RANKL-RANK-TRAF6 signaling activation in a
mouse lumbar facet joint osteoarthritis model 2. AMSC-derived EVs were

demonstrated to have potent capability for cartilage regeneration via upregulating micro

12



RNAs (miRNA)-145 and miRNA-221 and inflammatory modulation by reducing the
production of inflammatory mediators tumor necrosis factor-a, IL-6, prostaglandin E2
(PGE2) and nitric oxide (NO), and thus those are considered an excellent cell source for
OA treatment %3°4, EVs derived from SMSCs could effectively promote cartilage
regeneration, protect subchondral bone and attenuate OA progression through miRNA-
140-5p/RalA-mediated increase of SOX9 and aggrecan >’

Although studies with EVs demonstrate excellent properties such as biocompatibility,
low immunogenicity and low toxicity, some barriers still limit its application as a
potential treatment, since EVs present low yields, complex contents and poor
homogeneity 8. Alternatively, biomimetic EVs produced through synthetic methods
and different fabrication strategies are being studied to mitigate the aforementioned
problems. The application of methods such as chemical modification, genetic
engineering and physical methods, and the use of nanomaterials to prepare the EVSs,

were able to improve targeting efficiency *°.

Methods
There has been growing interest in utilizing EVs as potential therapies for cartilage

regeneration and OA treatment. To give a narrative review of the current evidence for
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MSC-derived EV’s potential therapeutic effects and future perspectives for the
treatment of OA, we performed the literature search as follows. The literature search
was conducted from January 1, 2016 to November 15, 2023, on the MEDLINE
databases using the following keywords: (exosome OR extracellular vesicle) AND
(cartilage OR osteoarthritis OR osteochondral), and a total of 808 articles were
identified from the databases. We included all preclinical animal and clinical studies
reporting the EVs on cartilage repair and OA treatment. In vitro studies were excluded.

After the careful screening, a total of 24 articles were analyzed in this review.

MSCs versus EVs

As mentioned above, recent evidence indicates that the therapeutic efficacy of stem
cells is attributed to the paracrine action of the secreted factors like EVs, contrary to the
initial paradigm of cell differentiation and replacement as the mechanism by which stem
cells exhibit a therapeutic effect. To assess the feasibility of EVs as a cell-free therapy,
several studies have compared the efficacy of stem cells with EVs. Muhammad, et al.
designed to identify data for systematic review and meta-analysis of stem cell and
secretome interventions and to compare the therapeutic efficacy of stem cells and

secretome in animal models of cartilage defects . Based on the results, the authors
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showed a similar therapeutic benefit of secretome to stem cell transplantation in
preclinical animal studies. Oh, et al. prepared the supernatants of adipose-derived
stromal cell (ADSC) cultures (the secretome), which were pressure-concentrated (ca.
50-fold) 6, and compared the therapeutic efficacies of ADSCs and their secretome in
terms of rabbit auricular cartilage regeneration. They showed ADSCs significantly
enhanced new cartilage formation, but their secretome did not. Zavatti, et al. compared
the efficacy of amniotic fluid stem cells (AFSC) with their secreted exosomes, in an
MIA-induced rat model of osteoarthritis °2. These authors demonstrated that intra-
articular injection of human AFSC exosomes showed enhanced pain tolerance levels
and improved histological scores than that of AFSC. These results indicate that the
purification methods for EVs and their cell sources would be highly relevant to
therapeutic efficacy. Thus, it is very important to figure out optimal conditions, in
which the purified EVs could enhance the therapeutic effects for the treatment of OA.
A summary of the comparison between MSCs and EVs in animal studies is shown in

Table 1.

In vivo studies
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Several studies examined the efficacy of EVs for cartilage and osteoarthritic joint
repair. A variety of cell sources and EV purification methods were employed in animal
studies. Cosenza, et al. compared the respective role of exosomes or microvesicles/
microparticles (MPs) in OA, which were isolated from bone marrow MSCs ®!. These
authors showed that exosomes and MPs exerted similar chondroprotective and anti-
inflammatory functions in vitro and protected mice from developing OA in vivo. Hanai,
et al. established isolation methods for small EVs using a new clinical grade
chemically-defined media and showed that small EVs derived from AMSCs cultured in
a chemically-defined media without detectable contaminants demonstrated enhanced
biological effects on human chondrocytes and the progression of OA 3. Zhou et al.
investigated the effects of exosomal miRNA derived from synovial fibroblasts on
cartilage degeneration in a surgically-induced rat OA model %. The authors revealed
that rat synovial fibroblast-derived exosomal miRNA-126-3p was sufficient to suppress
the formation of osteophytes, prevent cartilage degeneration, and exert anti-apoptotic
and anti-inflammatory effects on articular cartilage. Zhang et al. validated the safety and
efficacy of human MSC-derived exosomes for osteochondral repair in a micro pig
model . This study showed that intra-articular injections of MSC-derived exosomes

combined with hyaluronic acid promoted functional cartilage and subchondral bone
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repair, with significantly improved morphological, histological, and biomechanical
outcomes, while at the same time demonstrating its safety in terms of tumor formation
and infection.

Taken together, these results suggest that the administration of MSC-derived EVs
into damaged joints could effectively reduce cartilage loss and alleviate the progression
of OA. However, it is important to establish the purification method of clinical grade
EVs and verify the proper amount of EVs used in clinical practice, which does not ruin
the methodology for future clinical application . Moreover, the validation in large-
animal models are needed in order to assess therapeutic efficacy, biosafety, kinetics and
biodistribution of MSC-derived EVs *°.

Details of the therapeutic effects of EVs in animal studies are shown in Table 2.

Ongoing clinical studies and regulations

To date, there have been no published clinical studies regarding EVs for the treatment
of OA. A search of “ClinicalTrials.gov” using the keyword “exosome” or “extracellular
vesicle” for all ongoing clinical trials identified 265 clinical studies (as of November
2023). These trials mostly include the fields of oncology, respiratory, and

gastrointestinal studies, and one study with MSC-derived EVs for OA treatment was
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identified (ID: NCT05060107). The purpose of this clinical study is to evaluate the

safety of allogeneic MSC-derived EVs administered by intra-articular injection into the

knee of patients with mild to moderate symptomatic OA, starting with 10 patients with

a follow-up of up to 12 months.

Currently, there are no approved EV or exosome-based products worldwide. As

mentioned above, there is ongoing research to establish the safety of administering any

type of experimental therapy to patients and to investigate whether that therapy is

effective for the treatment of a specific condition. Additionally, no country has

established laws, regulations, guidelines, etc., and each regulatory authority deals with

EVs by applying existing legal frameworks. In the United States and Europe, the

regulatory authorities classify EVs as pharmaceuticals or biological products. On the

other hand, EVs should continue to be discussed with regard to the regulations, since

some people might be still convinced that EVs, which contain no cells, will be less

strictly regulated. Among them, EVs isolated from blood products like PRP might be

less regulated than those from expanded MSCs in terms of the regulations. Additionally,

manufacturing and release criteria would be required for an EV product.

Properly controlled clinical trials and regulations are essential steps in translating

innovation or novel technology from the bench to the bedside. The initial step consists
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of the definition of a problem to be solved and there is a real opportunity when it comes
to cartilage damage and osteoarthritis. The development of EVs have been recognized
as a viable alternative for treating these conditions and, in order to prove this concept.
Collaboration between industry, academia and other institutions is crucial and can
provide different perspectives during the research and development process, and
facilitates the carrying out of all experimental studies necessary to prove the

effectiveness and safety of EVs for later application in clinical practice °'.

Limitations

It is essential to acknowledge the current limitations and potential risks associated
with EV-based therapies, including minor concerns about MSCs pro-tumorigenic
properties and differentiation into undesired cell types. Although disease-modifying
effects have been established with the utility of MSC-derived EVs, different cell sources
might exert response differently. Moreover, OA is a disease of the whole joint and
combined usage of EVs from different cell sources might be considered an alternate
strategy. However, the pore size of the extracellular matrix of articular cartilage is
estimated at around 6.0 nm . This lays down a biological barrier that could be

counteracted only by small cationic nanocarriers of size less than 15 nm in diameter .
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While EVs like exosomes range in size from 30-150 nm, it is prudent to work on
improving the delivery efficacy of its contents into the chondrocytes. Further, the
thickness of the cartilage adds to the barrier affecting its permeability to act on the
subchondral resident progenitors "°. Direct subchondral targeting could be an option
although technically and logistically more challenging and costly to achieve. Although
encapsulating EVs in a scaffold appears as a reasonable strategy to achieve controlled
release in the vicinity to reduce the number of injections needed, the material properties
and its pharmacokinetics need further evaluation "*. Further research is needed to
address these concerns and optimize the therapeutic potential of exosomes in OA
treatment 6. While preclinical studies have shown promising results, translating these
findings into clinically effective treatments for OA in humans and animals is an ongoing
challenge. Further research and clinical trials are needed to establish the safety and
efficacy of EV-based therapies in diverse populations. The lack of standardized
protocols for EV isolation, characterization, and administration poses a challenge to the
reproducibility and comparability of research findings. Establishing standardized
procedures in terms of dosage and frequency of MSC-derived EV administration is

essential for advancing the field and ensuring the reliability of EV-based therapies.
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With their regenerative and anti-inflammatory properties, EVs hold significant

potential for addressing the underlying causes of OA. Continued research into the

mechanisms of action and optimization of EV-based therapies could lead to

breakthroughs in regenerative medicine. The shift towards cell-free products, such as

EVs, offers advantages in reduced tumorigenic potential and immunologic reactions

compared to traditional cell-based therapies. This could pave the way for safer and more

accessible treatment options. While challenges and limitations exist, the prospects for

EV-based therapies in the treatment of osteoarthritis are promising. Continued research,

addressing safety concerns, and standardizing protocols will contribute to advancing

this field, potentially revolutionizing the landscape of OA treatment in both human and

veterinary medicine.

Conclusions and Future perspective

With recent advancements in the field of EVs, we may have new bespoke therapeutic

options on the horizon for addressing cartilage injuries and osteoarthritis in clinical

practice. On the other hand, there are still several potential problems to be solved,

including their classification, safety and toxicity in clinical use, as well as optimal

dosage and frequency for human administration. These questions are crucial in order to
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satisfy international health regulations before MSC-derived EVs can be safely
progressed to a clinical product. Indeed, MSC-derived EVs were shown to be generally
well-tolerated and to have minimal risk of immunogenicity and toxicity 372, Also, a
promising new fabrication method for clinical grade EVs has been developed for future
clinical use ®3, which will allow large-scale production and off-the-shelf use.

On the other hand, purification methods for EVs are varied , and thus their product
specifications will need to be standardized for future clinical studies. In addition, there
are still much to be verified, such as differences in effects depending on preconditioning
and cell origin types. Therefore, further studies are needed to elucidate these issues in

the near future.

References

1. Global, regional, and national burden of osteoarthritis, 1990-2020 and
projections to 2050: a systematic analysis for the Global Burden of Disease Study 2021.
Lancet Rheumatol. Sep 2023;5(9):508-¢522. doi:10.1016/s2665-9913(23)00163-7

2. Muthu S, Korpershoek JV, Novais EJ, Tawy GF, Hollander AP, Martin I.
Failure of cartilage regeneration: emerging hypotheses and related therapeutic

strategies. Nat Rev Rheumatol. Jul 2023;19(7):403-416. doi:10.1038/s41584-023-

22



00979-5

3. Shanmugasundaram S, Solanki K, Saseendar S, Chavada VK, D'Ambrosi R.

Role of Doxycycline as an Osteoarthritis Disease-Modifying Drug. J Clin Med. Apr 18

2023;12(8)do1:10.3390/jcm12082927

4, Zhang W, Nuki G, Moskowitz RW, et al. OARSI recommendations for the

management of hip and knee osteoarthritis: part III: Changes in evidence following

systematic cumulative update of research published through January 2009.

Osteoarthritis Cartilage. Apr 2010;18(4):476-99. doi:S1063-4584(10)00046-4 [pii]

10.1016/j.joca.2010.01.013 [doi]

5. Shanmugasundaram S, Vaish A, Chavada V, Murrell WD, Vaishya R.

Assessment of safety and efficacy of intra-articular injection of stromal vascular

fraction for the treatment of knee osteoarthritis-a systematic review. International

orthopaedics. Mar 2021;45(3):615-625. doi:10.1007/5s00264-020-04926-x

6. Nejadnik H, Hui JH, Feng Choong EP, Tai BC, Lee EH. Autologous bone

marrow-derived mesenchymal stem cells versus autologous chondrocyte implantation:

an observational cohort study. Am J Sports Med. Jun 2010;38(6):1110-6.

doi:10.1177/0363546509359067

7. Shimomura K, Ando W, Hart DA, Yonetani Y, Horibe S, Nakamura N. Five-

23



Year Outcomes After Implantation of a Scaffold-Free Tissue-Engineered Construct

Generated From Autologous Synovial Mesenchymal Stromal Cells for Repair of Knee

Chondral Lesions. Orthopaedic journal of sports medicine. Aug

2023;11(8):23259671231189474. doi:10.1177/23259671231189474

8. Shimomura K, Yasui Y, Koizumi K, et al. First-in-Human Pilot Study of

Implantation of a Scaffold-Free Tissue-Engineered Construct Generated From

Autologous Synovial Mesenchymal Stem Cells for Repair of Knee Chondral Lesions.

Am J Sports Med. Jun 1 2018;46(10):2384-2393. doi:10.1177/0363546518781825

9. Sakaguchi Y, Sekiya I, Yagishita K, Muneta T. Comparison of human stem

cells derived from various mesenchymal tissues: superiority of synovium as a cell

source. Arthritis Rheum. Aug 2005;52(8):2521-9. doi:10.1002/art.21212 [doi]

10. Jeyaraman M, Muthu S, Ganie PA. Does the Source of Mesenchymal Stem

Cell Have an Effect in the Management of Osteoarthritis of the Knee? Meta-Analysis of

Randomized Controlled Trials. Cartilage. Dec 2021;13(1_suppl):1532s-1547s.

doi:10.1177/1947603520951623

11. Jeyaraman M, Muthu S, Jeyaraman N, Ranjan R, Jha SK, Mishra P. Synovium

Derived Mesenchymal Stromal Cells (Sy-MSCs): A Promising Therapeutic Paradigm in

the Management of Knee Osteoarthritis. /ndian J Orthop. Jan 2022;56(1):1-15.

24



doi:10.1007/s43465-021-00439-w

12. Jeyaraman M, Bingi SK, Muthu S, et al. Impact of the Process Variables on the

Yield of Mesenchymal Stromal Cells from Bone Marrow Aspirate Concentrate.

Bioengineering (Basel). Jan 29 2022;9(2)doi:10.3390/bioengineering9020057

13. Muthu S, Patil SC, Jeyaraman N, et al. Comparative effectiveness of adipose-

derived mesenchymal stromal cells in the management of knee osteoarthritis: A meta-

analysis. World journal of orthopedics. Jan 18 2023;14(1):23-41.

doi:10.5312/wjo.v14.11.23

14. Shimomura K, Ando W, Fujie H, Hart DA, Yoshikawa H, Nakamura N.

Scaffold-free tissue engineering for injured joint surface restoration. Journal of

experimental orthopaedics. Jan 5 2018;5(1):2. doi:10.1186/s40634-017-0118-0

15. de Windt TS, Vonk LA, Slaper-Cortenbach ICM, Nizak R, van Rijen MHP,

Saris DBF. Allogeneic MSCs and Recycled Autologous Chondrons Mixed in a One-

stage Cartilage Cell Transplantion A First-in-man Trial in 35 Patients. Stem Cells. Jun

10 2017;35(8):1984-1993. doi:10.1002/stem.2657

16. Ando W, Tateishi K, Hart DA, et al. Cartilage repair using an in vitro generated

scaffold-free tissue-engineered construct derived from porcine synovial mesenchymal

stem cells. Biomaterials. Dec 2007;28(36):5462-70. doi:S0142-9612(07)00672-2 [pii]

25



10.1016/j.biomaterials.2007.08.030 [doi]

17. Jeyaraman M, Muthu S, Nischith DS, Jeyaraman N, Nallakumarasamy A,

Khanna M. PRISMA-Compliant Meta-Analysis of Randomized Controlled Trials on

Osteoarthritis of Knee Managed with Allogeneic vs Autologous MSCs: Efficacy and

Safety Analysis. Indian J Orthop. Dec 2022;56(12):2042-2059. doi:10.1007/s43465-

022-00751-z

18. Yokota N, Lyman S, Hanai H, Shimomura K, Ando W, Nakamura N. Clinical

Safety and Effectiveness of Adipose-Derived Stromal Cell vs Stromal Vascular Fraction

Injection for Treatment of Knee Osteoarthritis: 2-Year Results of Parallel Single-Arm

Trials. Am J Sports Med. Aug 2022;50(10):2659-2668.

doi:10.1177/03635465221107364

19. Liao CD, Chen HC, Huang MH, Liou TH, Lin CL, Huang SW. Comparative

Efficacy of Intra-Articular Injection, Physical Therapy, and Combined Treatments on

Pain, Function, and Sarcopenia Indices in Knee Osteoarthritis: A Network Meta-

Analysis of Randomized Controlled Trials. Int J Mol Sci. Mar 23

2023;24(7)do1:10.3390/ijms24076078

20. Zhang Y, Yang H, He F, Zhu X. Intra-articular injection choice for

osteoarthritis: making sense of cell source-an updated systematic review and dual

26



network meta-analysis. Arthritis Res Ther. Nov 28 2022;24(1):260.

doi:10.1186/s13075-022-02953-0

21. Ha CW, Park YB, Kim SH, Lee HJ. Intra-articular Mesenchymal Stem Cells in

Osteoarthritis of the Knee: A Systematic Review of Clinical Outcomes and Evidence of

Cartilage Repair. Arthroscopy. Jan 2019;35(1):277-288.¢2.

doi:10.1016/j.arthro.2018.07.028

22. Tan SHS, Kwan YT, Neo W/, et al. Intra-articular Injections of Mesenchymal

Stem Cells Without Adjuvant Therapies for Knee Osteoarthritis: A Systematic Review

and Meta-analysis. Am J Sports Med. Sep 2021;49(11):3113-3124.

doi:10.1177/0363546520981704

23. Babu GS, Badrish Y, Oswal VM, et al. Inmunomodulatory Actions of

Mesenchymal Stromal Cells (MSCs) in Osteoarthritis of the Knee. Osteology.

2021;1(4):209-224.

24, Caplan Al. Mesenchymal Stem Cells: Time to Change the Name! Stem cells

translational medicine. Jun 2017;6(6):1445-1451. doi:10.1002/sctm.17-0051

25. HanY, Yang J, Fang J, et al. The secretion profile of mesenchymal stem cells

and potential applications in treating human diseases. Signal Transduct Target Ther.

Mar 21 2022;7(1):92. doi:10.1038/s41392-022-00932-0

27



26. Kikuchi-Taura A, Okinaka Y, Saino O, et al. Gap junction-mediated cell-cell

interaction between transplanted mesenchymal stem cells and vascular endothelium in

stroke. Stem Cells. Jul 2021;39(7):904-912. doi:10.1002/stem.3360

27. Luchetti F, Carloni S, Nasoni MG, Reiter RJ, Balduini W. Tunneling nanotubes

and mesenchymal stem cells: New insights into the role of melatonin in neuronal

recovery. J Pineal Res. Aug 2022;73(1):e12800. doi:10.1111/jpi.12800

28. Primorac D, Molnar V, Rod E, et al. Knee Osteoarthritis: A Review of

Pathogenesis and State-Of-The-Art Non-Operative Therapeutic Considerations. Genes

(Basel). Jul 26 2020;11(8)doi:10.3390/genes 11080854

29. Tong L, Yu H, Huang X, et al. Current understanding of osteoarthritis

pathogenesis and relevant new approaches. Bone Res. Sep 20 2022;10(1):60.

doi:10.1038/s41413-022-00226-9

30. Jiang Y. Osteoarthritis year in review 2021: biology. Osteoarthritis Cartilage.

Feb 2022;30(2):207-215. doi:10.1016/j.joca.2021.11.009

31. Giorgino R, Albano D, Fusco S, Peretti GM, Mangiavini L, Messina C. Knee

Osteoarthritis: Epidemiology, Pathogenesis, and Mesenchymal Stem Cells: What Else Is

New? An Update. Int J Mol Sci. Mar 29 2023;24(7)d0i:10.3390/1jms24076405

32. Fujii Y, Liu L, Yagasaki L, Inotsume M, Chiba T, Asahara H. Cartilage

28



Homeostasis and Osteoarthritis. /nt J Mol Sci. Jun 5

2022;23(11)do1:10.3390/1jms23116316

33. Muthu S. Osteoarthritis, an old wine in a new bottle! World journal of

orthopedics. Jan 18 2023;14(1):1-5. doi:10.5312/wjo.v14.11.1

34. Goldring SR. Alterations in periarticular bone and cross talk between

subchondral bone and articular cartilage in osteoarthritis. Ther Adv Musculoskelet Dis.

Aug 2012;4(4):249-58. doi:10.1177/1759720x12437353

35. Yuan C, Pan Z, Zhao K, et al. Classification of four distinct osteoarthritis

subtypes with a knee joint tissue transcriptome atlas. Bone Res. Nov 12 2020;8(1):38.

doi:10.1038/s41413-020-00109-x

36. Toh WS, Lai RC, Hui JHP, Lim SK. MSC exosome as a cell-free MSC therapy

for cartilage regeneration: Implications for osteoarthritis treatment. Semin Cell Dev

Biol. Jul 2017;67:56-64. do1:10.1016/j.semcdb.2016.11.008

37. Yanez-Mo6 M, Siljander PR, Andreu Z, et al. Biological properties of

extracellular vesicles and their physiological functions. J Extracell Vesicles.

2015;4:27066. doi:10.3402/jev.v4.27066

38. Théry C, Witwer KW, Aikawa E, et al. Minimal information for studies of

extracellular vesicles 2018 (MISEV2018): a position statement of the International

29



Society for Extracellular Vesicles and update of the MISEV2014 guidelines. J Extracell

Vesicles. 2018;7(1):1535750. doi:10.1080/20013078.2018.1535750

39. Cocucci E, Meldolesi J. Ectosomes and exosomes: shedding the confusion

between extracellular vesicles. Trends Cell Biol. Jun 2015;25(6):364-72.

doi:10.1016/5.tcb.2015.01.004

40. Liu Z, Zhuang Y, Fang L, Yuan C, Wang X, Lin K. Breakthrough of

extracellular vesicles in pathogenesis, diagnosis and treatment of osteoarthritis. Bioact

Mater. Apr 2023;22:423-452. doi:10.1016/j.bioactmat.2022.10.012

41. Mathieu M, Martin-Jaular L, Lavieu G, Thery C. Specificities of secretion and

uptake of exosomes and other extracellular vesicles for cell-to-cell communication. Nat

Cell Biol. Jan 2019;21(1):9-17. do1:10.1038/s41556-018-0250-9

42. Kalluri R, LeBleu VS. The biology, function, and biomedical applications of

exosomes. Science. Feb 7 2020;367(6478)doi:10.1126/science.aau6977

43. van Niel G, D'Angelo G, Raposo G. Shedding light on the cell biology of

extracellular vesicles. Nat Rev Mol Cell Biol. Apr 2018;19(4):213-228.

doi:10.1038/nrm.2017.125

44. De Bari C, Roelofs AJ. Stem cell-based therapeutic strategies for cartilage

defects and osteoarthritis. Curr Opin Pharmacol. Jun 2018;40:74-80.

30



doi:10.1016/j.coph.2018.03.009

45, Shimomura K, Ando W, Moriguchi Y, et al. Next Generation Mesenchymal

Stem Cell (MSC)-Based Cartilage Repair Using Scaffold-Free Tissue Engineered

Constructs Generated with Synovial Mesenchymal Stem Cells. Cartilage. 2015;6(Suppl

2):13S-298S.

46. Kim SH, Ha CW, Park YB, Nam E, Lee JE, Lee HJ. Intra-articular injection of

mesenchymal stem cells for clinical outcomes and cartilage repair in osteoarthritis of

the knee: a meta-analysis of randomized controlled trials. Archives of orthopaedic and

trauma surgery. Jul 2019;139(7):971-980. do1:10.1007/s00402-019-03140-8

47, Chahla J, Piuzzi NS, Mitchell JJ, et al. Intra-Articular Cellular Therapy for

Osteoarthritis and Focal Cartilage Defects of the Knee: A Systematic Review of the

Literature and Study Quality Analysis. J Bone Joint Surg Am. Sep 21 2016;98(18):1511-

21. doi:10.2106/jbjs.15.01495

48. Mclintyre JA, Jones IA, Han B, Vangsness CT, Jr. Intra-articular Mesenchymal

Stem Cell Therapy for the Human Joint: A Systematic Review. Am J Sports Med. Dec

2018;46(14):3550-3563. doi:10.1177/0363546517735844

49. Phinney DG, Pittenger MF. Concise Review: MSC-Derived Exosomes for

Cell-Free Therapy. Stem Cells. Apr 2017;35(4):851-858. doi:10.1002/stem.2575

31



50. Muthu S, Bapat A, Jain R, Jeyaraman N, Jeyaraman M. Exosomal therapy-a

new frontier in regenerative medicine. Stem Cell Investig. 2021;8:7. doi:10.21037/sci-

2020-037

51. Cosenza S, Ruiz M, Toupet K, Jorgensen C, Noél D. Mesenchymal stem cells

derived exosomes and microparticles protect cartilage and bone from degradation in

osteoarthritis. Scientific reports. Nov 24 2017;7(1):16214. doi:10.1038/s41598-017-

15376-8

52. LiJ, Ding Z, LiY, et al. BMSCs-Derived Exosomes Ameliorate Pain Via

Abrogation of Aberrant Nerve Invasion in Subchondral Bone in Lumbar Facet Joint

Osteoarthritis. J Orthop Res. Mar 2020;38(3):670-679. doi:10.1002/jor.24497

53. Tofifio-Vian M, Guillén M1, Pérez Del Caz MD, Silvestre A, Alcaraz MJ.

Microvesicles from Human Adipose Tissue-Derived Mesenchymal Stem Cells as a New

Protective Strategy in Osteoarthritic Chondrocytes. Cell Physiol Biochem.

2018;47(1):11-25. doi:10.1159/000489739

54. Zhao C, Chen JY, Peng WM, Yuan B, Bi Q, Xu YJ. Exosomes from

adipose-derived stem cells promote chondrogenesis and suppress inflammation by

upregulating miR-145 and miR-221. Mol Med Rep. Apr 2020;21(4):1881-1889.

doi:10.3892/mmr.2020.10982

32



55. Guo SC, Tao SC, Yin WIJ, Qi X, Sheng JG, Zhang CQ. Exosomes from Human

Synovial-Derived Mesenchymal Stem Cells Prevent Glucocorticoid-Induced

Osteonecrosis of the Femoral Head in the Rat. /nt J Biol Sci. 2016;12(10):1262-1272.

doi:10.7150/1jbs.16150

56. Zhu'Y, Wang Y, Zhao B, et al. Comparison of exosomes secreted by induced

pluripotent stem cell-derived mesenchymal stem cells and synovial membrane-derived

mesenchymal stem cells for the treatment of osteoarthritis. Stem Cell Res Ther. Mar 9

2017;8(1):64. doi:10.1186/s13287-017-0510-9

57. Tao SC, Yuan T, Zhang YL, Yin WJ, Guo SC, Zhang CQ. Exosomes derived

from miR-140-5p-overexpressing human synovial mesenchymal stem cells enhance

cartilage tissue regeneration and prevent osteoarthritis of the knee in a rat model.

Theranostics. 2017;7(1):180-195. doi:10.7150/thno.17133

58. Liang Y, Duan L, Lu J, Xia J. Engineering exosomes for targeted drug delivery.

Theranostics. 2021;11(7):3183-3195. doi:10.7150/thno.52570

59. Wang X, Zhao X, Zhong Y, Shen J, An W. Biomimetic Exosomes: A New

Generation of Drug Delivery System. Front Bioeng Biotechnol. 2022;10:865682.

doi:10.3389/fbi0e.2022.865682

60. Muhammad SA, Nordin N, Mehat MZ, Fakurazi S. Comparative efficacy of

33



stem cells and secretome in articular cartilage regeneration: a systematic review and

meta-analysis. Cell Tissue Res. Feb 2019;375(2):329-344. doi:10.1007/s00441-018-

2884-0

61. Oh SJ, Choi KU, Choi SW, et al. Comparative Analysis of Adipose-Derived

Stromal Cells and Their Secretome for Auricular Cartilage Regeneration. Stem Cells Int.

2020;2020:8595940. doi:10.1155/2020/8595940

62. Zavatti M, Beretti F, Casciaro F, Bertucci E, Maraldi T. Comparison of the

therapeutic effect of amniotic fluid stem cells and their exosomes on monoiodoacetate-

induced animal model of osteoarthritis. Biofactors. Jan 2020;46(1):106-117.

doi:10.1002/biof.1576

63. Hanai H, Hart DA, Jacob G, et al. Small extracellular vesicles derived from

human adipose-derived mesenchymal stromal cells cultured in a new chemically-

defined contaminate-free media exhibit enhanced biological and therapeutic effects on

human chondrocytes in vitro and in a mouse osteoarthritis model. J Extracell Vesicles.

Jul 2023;12(7):e12337. doi:10.1002/jev2.12337

64. Zhou'Y, Ming J, LiY, et al. Exosomes derived from miR-126-3p-

overexpressing synovial fibroblasts suppress chondrocyte inflammation and cartilage

degradation in a rat model of osteoarthritis. Cell Death Discov. Feb 24 2021;7(1):37.

34



doi:10.1038/s41420-021-00418-y

65. Zhang S, Wong KL, Ren X, et al. Mesenchymal Stem Cell Exosomes Promote

Functional Osteochondral Repair in a Clinically Relevant Porcine Model. Am J Sports

Med. Mar 2022;50(3):788-800. doi:10.1177/03635465211068129

66. Jeyaraman M, Muthu S, Jeyaraman N. Challenges in the clinical translation of

exosomal therapy in regenerative medicine. Regen Med. Apr 2022;17(4):193-197.

doi:10.2217/rme-2022-0003

67. Fernandes TL, de Faria RR, Gonzales MA, Sherman SL, Goldchmit S, Fleury

A. Innovation in Orthopaedics: Part 2-How to Translate Ideas and Research into

Clinical Practice. Current reviews in musculoskeletal medicine. Apr 2022;15(2):150-

155. doi:10.1007/s12178-022-09749-4

68. Sophia Fox AJ, Bedi A, Rodeo SA. The basic science of articular cartilage:

structure, composition, and function. Sports health. Nov 2009;1(6):461-8.

doi:10.1177/1941738109350438

69. Geiger BC, Wang S, Padera RF, Jr., Grodzinsky AJ, Hammond PT. Cartilage-

penetrating nanocarriers improve delivery and efficacy of growth factor treatment of

osteoarthritis. Science translational medicine. Nov 28

2018;10(469)doi:10.1126/scitranslmed.aat8800

35



70. Bajpayee AG, Scheu M, Grodzinsky AJ, Porter RM. A rabbit model

demonstrates the influence of cartilage thickness on intra-articular drug delivery and

retention within cartilage. J Orthop Res. May 2015;33(5):660-7. doi:10.1002/jor.22841

71. Ng CY, Chai JY, Foo JB, et al. Potential of Exosomes as Cell-Free Therapy in

Articular Cartilage Regeneration: A Review. Int J Nanomedicine. 2021;16:6749-6781.

doi:10.2147/1jn.S327059

72. Zhang B, Yin Y, Lai RC, Tan SS, Choo AB, Lim SK. Mesenchymal stem cells

secrete immunologically active exosomes. Stem Cells Dev. Jun 1 2014;23(11):1233-44.

doi:10.1089/scd.2013.0479

73. Tang S, Chen P, Zhang H, et al. Comparison of Curative Effect of Human

Umbilical Cord-Derived Mesenchymal Stem Cells and Their Small Extracellular

Vesicles in Treating Osteoarthritis. /nt J Nanomedicine. 2021;16:8185-8202.

doi:10.2147/1jn.S336062

74. Chen P, Tang S, Gao H, et al. Wharton's jelly mesenchymal stem cell-derived

small extracellular vesicles as natural nanoparticles to attenuate cartilage injury via

microRNA regulation. Int J Pharm. Jul 25 2022;623:121952.

doi:10.1016/j.ijpharm.2022.121952

75. Chang LH, Wu SC, Chen CH, et al. Exosomes Derived from Hypoxia-Cultured

36



Human Adipose Stem Cells Alleviate Articular Chondrocyte Inflammaging and Post-

Traumatic Osteoarthritis Progression. /nt J Mol Sci. Aug 29

2023;24(17)do1:10.3390/ijms241713414

76. Warmink K, Rios JL, Varderidou-Minasian S, et al. Mesenchymal stem/stromal

cells-derived extracellular vesicles as a potentially more beneficial therapeutic strategy

than MSC-based treatment in a mild metabolic osteoarthritis model. Stem Cell Res Ther.

May 24 2023;14(1):137. doi:10.1186/s13287-023-03368-7

77. Wang Y, Yu D, Liu Z, et al. Exosomes from embryonic mesenchymal stem cells

alleviate osteoarthritis through balancing synthesis and degradation of cartilage

extracellular matrix. Stem Cell Res Ther. Aug 14 2017;8(1):189. doi:10.1186/s13287-

017-0632-0

78. Wang R, Jiang W, Zhang L, et al. Intra-articular delivery of extracellular

vesicles secreted by chondrogenic progenitor cells from MRL/MplJ superhealer mice

enhances articular cartilage repair in a mouse injury model. Stem Cell Res Ther. Mar 2

2020;11(1):93. do1:10.1186/s13287-020-01594-x

79. Duan A, Shen K, Li B, et al. Extracellular vesicles derived from LPS-

preconditioned human synovial mesenchymal stem cells inhibit extracellular matrix

degradation and prevent osteoarthritis of the knee in a mouse model. Stem Cell Res

37



Ther. Jul 28 2021;12(1):427. doi:10.1186/513287-021-02507-2

80. Zhang S, Chu WC, Lai RC, Lim SK, Hui JH, Toh WS. Exosomes derived from

human embryonic mesenchymal stem cells promote osteochondral regeneration.

Osteoarthritis Cartilage. Dec 2016;24(12):2135-2140. doi:10.1016/j.joca.2016.06.022

81. Chen W, Sun 'Y, Gu X, et al. Conditioned medium of mesenchymal stem cells

delays osteoarthritis progression in a rat model by protecting subchondral bone,

maintaining matrix homeostasis, and enhancing autophagy. J Tissue Eng Regen Med.

Sep 2019;13(9):1618-1628. doi:10.1002/term.2916

82. He L, He T, Xing J, et al. Bone marrow mesenchymal stem cell-derived

exosomes protect cartilage damage and relieve knee osteoarthritis pain in a rat model of

osteoarthritis. Stem Cell Res Ther. Jul 10 2020;11(1):276. doi:10.1186/s13287-020-

01781-w

83. LiuY, Zeng Y, Si HB, Tang L, Xie HQ, Shen B. Exosomes Derived From

Human Urine-Derived Stem Cells Overexpressing miR-140-5p Alleviate Knee

Osteoarthritis Through Downregulation of VEGFA in a Rat Model. Am J Sports Med.

Mar 2022;50(4):1088-1105. doi:10.1177/03635465221073991

84. Hosseinzadeh M, Kamali A, Baghaban Eslaminejad M, Hosseini S. Higher

ratios of chondrocyte to mesenchymal stem cells elevate the therapeutic effects of

38



extracellular vesicles harvested from chondrocyte/mesenchymal stem cell co-culture on

osteoarthritis in a rat model. Cell Tissue Res. Oct 2023;394(1):145-162.

doi:10.1007/s00441-023-03819-w

85. Liang H, Li D, Neufeld EV, et al. Extracellular vesicles from synovial fluid-

derived mesenchymal stem cells confer chondroprotective effects on in vitro and in vivo

osteoarthritic chondrocytes. Journal of Cartilage & Joint Preservation. 2023/08/19/

2023:100146. doi:https://doi.org/10.1016/j.jcjp.2023.100146

86. Wong KL, Zhang S, Wang M, et al. Intra-Articular Injections of Mesenchymal

Stem Cell Exosomes and Hyaluronic Acid Improve Structural and Mechanical

Properties of Repaired Cartilage in a Rabbit Model. Arthroscopy. Aug 2020;36(8):2215-

2228.e2. doi:10.1016/j.arthro.2020.03.031

87. Yang H, Cong M, Huang W, et al. The Effect of Human Bone Marrow

Mesenchymal Stem Cell-Derived Exosomes on Cartilage Repair in Rabbits. Stem Cells

Int. 2022;2022:5760107. doi:10.1155/2022/5760107

88. Hsueh YH, Buddhakosai W, Le PN, et al. Therapeutic effect of induced

pluripotent stem cell -derived extracellular vesicles in an in vitro and in vivo

osteoarthritis model. J Orthop Translat. Jan 2023;38:141-155.

doi:10.1016/j.j0t.2022.10.004

39



Authors  Animal Cell source EV type and Model Biological effects
size
Cosenza, Mouse Bone marrow Exosome Collagenase- Bone marrow MSCs and
etal. MSC 112+ 6.6 induced OA exosomes equally
(2017)% nm model protected mice from joint
damage.
Oh, etal. Rabbit Adipose- Pressure- Auricle cartilage  ADSCs significantly
(2020)8! derived stem  concentrated defect model enhanced new cartilage
cells supernatant formation, but their
of ADSC secretome did not.
culture
Zavatti, Rat  Amniotic fluid Exosome MIA-induced Exosome enhanced pain
etal. stem cells OA model tolerance level and
(2020)°2 improved OA histological
scores than the AFSC-
treated defects.
Tang, et Rat Human SEV ACL transection  sEVs had effective
al. umbilical 70-90 nm OA model therapeutic properties
(2021)% cord-derived similar to MSCs in
MSC suppressing inflammatory
responses and
subsequently ameliorated
OA.
Chen et Rat Wharton’s SEV ACL transection MSC and sEVs equally
al. jelly MSC 100-200 nm OA model promoted cartilage and
(2022)™ subchondral bone repair, as

40

well as enhanced
extracellular matrix

synthesis.



Chang et
al.
(2023)™

Warmink
et al.
(2023)"®

Rat

Rat

Adipose-
derived stem

cells

Bone marrow
MSC

Hypoxia- ACL
induced
exosome

Approx. 130

nm

EV
Avg. 125

nm

transection

OA model

Cartilage defect

model

Hypoxia-ADSC-Exos and
ADSCs had a
chondroprotective effect
that suppressed cartilage
erosion and reversed
proteoglycan and type Il
collagen in OA cartilage.
MSC-EV resulted in lower
cartilage degeneration, less
pain behavior,
osteophytosis and joint

inflammation, than MSC.

Table 1. Comparison of therapeutic effects between MSCs and EVs in the animal

studies.

ACL, anterior cruciate ligament; ADSC, adipose-derived stromal cell; AFSC, Amniotic
fluid stem cells; EV, extracellular vesicle; Exo, exosome; MIA, monoiodoacetate; MSC,
mesenchymal stem/stromal cell; OA, osteoarthritis; SEV, small extracellular vesicle

Authors  Ani Cell EV Purification Model Assessment Biological Mechanis
mal source type method effects m of

and actions
size

Cosenza mou BMSC Exoso  Ultracentrif ~ Collagen Histology, Protected Enhanced

,etal. se me ugation ase- uCT, confocal ~ mice from  type ll

(2017)% 11246. induced laser developing  collagen,

6nm OA microscopy OA. aggrecan,
model and

41



Wang
Y, etal.
(2017)"7

Zhuy,
et al.

(2017)%

Wang R,
etal.

(2020)7®

mou

se

mou

se

mou

Se

MSC
derived
from

ESC

SMSC
and
iPSC-
derived

MSC

Chondro
genic
progenito

r cell

Exoso
me
38-169

nm

Exoso
me
50—
150

nm

EV
50-
150

nm

Ultracentrif

ugation

Ultracentrif

ugation

Ultracentrif

ugation

Destabili Histology, Exerted a
zation of  immunohistoc  beneficial
MM hemistry therapeutic
model effect on

OA by
balancing
the
synthesis
and
degradatio
n of
chondrocyt
e ECM,
and
alleviated
OA
developme
nt.

Collagen Macroscopic,  iMSC-

ase- histology, Exos had a

induced immunohistoc  greater

OA hemistry therapeutic
model effect on
OA than
SMSC-
Exos.
Destabili Histology, Prevented

zation of  immunohistoc  the
MM hemistry developme
model nt of OA.

42

inhibiting
MMP-13,
ADAMTS
5, iNOS.
Maintaine
d the
chondrocy
te
phenotype
by
increasing
collagen
type Il
synthesis
and
decreasing
ADAMTS
5

expression

Stimulated
chondrocy
te
migration
and
proliferati

on.

Connected
OA repair
to
processes
such as

MAPK



Duan A,
et al.

(2021)

Hanai
H, etal.
(2023)83

Zhang
S, etal.
(2016)%°

mou SMSC
se

mou AMSC
se

rat  embryoni

¢ MSC

EV
50—
200

nm

SEV
50—
100nm

Exoso

me

Ultracentrif ~ Destabili Histology,
ugation zation of  immunohistoc
MM hemistry
model

Tangential ~ Collagen ~ Macroscopic,

flow ase- histology
filtration induced
and OA

concentrate model

d

Tangential  Osteocho  Macroscopic,
flow ndral histology,

filtration

43

LPS-
preconditio
ned EVs
had better
cartilage
protection
compared

with EVs.

Prevention
of OA

progression

Promoted
repair of

critical-

signaling,
regulation
of
autophagy
,and
insulin
signaling.
Promoted
proliferati
on and
migration
of
chondrocy
tes and
inhibited
the
apoptosis
of
chondrocy
tes.
Promoted
the
cellular
proliferati
on,
migration,
chondroge
nic
differentia
tion, and
anti-
apoptotic
activity.
N/A



Tao SC,
et al.

(2017)%7

Chen W,
et al.

(2019)%

He L, et
al.

(202082

rat  miR-140-
5p-
overexpr
essing

SMSC

rat BMSC

rat BMSC

100 and

nm concentrate

d
Exoso  Supernatant
me (culture
30-150 media)
nm
N/A Supernatant
(culture
media)
Exoso  Ultracentrif
me ugation
Avg.
153
nm

defect immunohistoc
model hemistry
Transecte Histology,

d MCL,  immunohistoc
MM, hemistry
ACL
model
ACL Macroscopic,

transectio histology,
n and immunohistoc
destabiliz ~ hemistry, uCT
ation of
MM
model
OA Macroscopic,
model by histology,
injection  immunohistoc
of hemistry, pain
sodium assessment
iodoaceta
te

44

sized

osteochond
ral defects.
Successfull
y prevented

OA.

Remarkabl
e articular-
protective
effect,
well-
maintained
subchondra
I bone
structure,
and
significantl
y more
abundant
cartilage
matrix
were
observed.
Effectively
promoted
cartilage
repair and
extracellula
r matrix

synthesis,

Enhanced
the
proliferati
on and
migration
of
articular
chondrocy
tes.
Decreased
ratio of
MMP-13
to TIMP-
1, and
inhibited
chondrocy
te
apoptosis
with
enhanced

autophagy

Upregulat
ed
COL2A1
protein
and
downregul

ated



Zavatti
M, et al.
(2020)82

Zhou'Y,
et al.

(2021)%

LiuY, et
al.

(2022)8

rat  Amniotic
fluid

stem cell

rat  miR-126-
3p-
overexpr
essing
synovial
fibroblast

S

rat Urine-
derived
stem
cells
transfecte

d with

Exoso  Centrifugal MIA-
me Filter Units  induced
OA
model
Exoso  Ultracentrif ~ Transecti
me ugation ng ACL
100 = and
10 nm resecting
MM
model
Exoso  Ultracentrif ~ Transecti
me ugation ng ACL
Avg. and
135.5 resecting
nm MM
model

45

Histology,
immunohistoc
hemistry,
behavioral

scoring

Macroscopic,
histology,
immunohistoc
hemistry,

uMRI, uCT

Behavioral,
macroscopic,
histology,
immunohistoc

hemistry, uCT

as well as
alleviated
knee pain.
Enhanced
pain
tolerance
level and
improved
OA
histological
scores.
Suppressed
the
formation
of
osteophyte
S,
prevented
cartilage
degeneratio
n, and
exerted
anti-
apoptotic
and anti-
inflammato
ry effects
on articular
cartilage.
Enhanced
cartilage
regeneratio
n and
subchondra

| bone

MMP13

protein

Promoted
the anti-
inflammat
ory M2
macropha

ge.

Promoted
chondrocy
te
migration
and
proliferati
on.
Suppresse
d
apoptosis
and IL-1B,
IL-6, and
TNF-a

expression

Suppresse
d the
progressio
nof OAin
part

mediated



Hossein
zadeh
M, et al.
(2023)84

Liang H,
et al.

(2023)%

Wong
KL, et
al.

(2020

miR-

140s
rat  Chondro
cytes and

BMSC

rat  Synovial

fluid

MSC

rabb ESC-
it derived

MSC

EV
44.25n
m and
112.1n

m

EV
117

nm

Exoso
me
100-
200

nm

Ultracentrif

ugation

Ultracentrif

ugation

Tangential
flow
filtration
and
concentrate

d

MIA-
induced
OA

model

Transecti
ng ACL
and
resecting
MM

model

Osteocho
ndral
defect

model

46

micro-X-ray,
histology,
immunohistoc

hemistry

Histology,
immunohistoc
hemistry,
serum
cytokines

concentrations

Macroscopic,
histology,
immunohistoc

hemistry,

biomechanical.

remodeling

EVs from
the higher
ratio of
chondrocyt
e to MSC
co-culture
had
superior
chondroge
nic
potential
and
resulted in
fully
regenerated
osteoarthrit
ic cartilage.
Provided
chondropro
tective
effects that
were dose-

dependent.

Combinati
on of MSC
exosomes
and HA
could
promote

sustained

by
VEGFA.
Enhanced
type Il
collagen,
aggrecan,
and
decreased
type X

collagen.

Displayed
more
COL2A1
and less
MMP13.
Decreased
serum
proinflam
matory
cytokines.
Mediated
and
maintaine
dcell
migration,
proliferati

on and



Yang H,
et al.

(2022)%

Hsueh
YH, et
al.

(2023)%

Zhang
S, etal.
(2022)%5

rabb BMSC Exoso  Commercial
it me ly available
Avg. kit
131.2n
m
rabb iPSC EV Ultracentrif
it Avg. ugation
136.8
nm
porc ESC- Exoso  Tangential
ine derived me flow
MSC Avg. filtration
147.4 and
nm concentrate
d

Osteocho  Macroscopic,
ndral histology
defect
model
ACL Macroscopic,
transectio histology,
nmodel immunohistoc
hemistry
Osteocho  Macroscopic,
ndral histology,
defect immunohistoc
model hemistry,
MRI, uCT,

biomechanical

and
functional
cartilage
repair.
Facilitated
cartilage
regeneratio
nas
evidenced
by gross
view and
histology.
Inflammati
on,
subchondra
I bone
protrusion,
and
articular
cartilage
destruction,
were
ameliorate

d

Combinati
on of MSC
exosomes
and HA
promoted
functional
cartilage
and

subchondra

GAG

synthesis.

Promoted
cell
proliferati
on and
migration
in
chondrocy
tes.
Reduced
cartilage
destructio
n by the
upregulati
on of
collagen Il
and down-
regulation
of
MMP13
and
ADAMTS
5.

N/A

47



| bone

repair.

Table 2. Summaries of therapeutic effects of EVs in the animal studies.

ACL, anterior cruciate ligament; ADAMTS, a disintegrin and metalloproteinases with
thrombospondin motifs; AMSC, adipose MSC; BMSC, bone marrow MSC; CT,
Computed Tomography; ECM, extracellular matrix; ESC, embryonic stem cell; Exo,
exosome; EV, extracellular vesicle; GAG, glycosaminoglycan; HA, hyaluronic acid; IL,
interleukin; INOS, inducible nitric oxide synthase; iPSC, induced pluripotent stem cell;
LPS, lipopolysaccharide; MCL, medial collateral ligament; MIA, monoiodoacetate;
MM, medial meniscus; MMP, matrix metalloproteinase; MRI, Magnetic Resonance
Imaging; MSC, mesenchymal stem/stromal cell; OA, osteoarthritis; SEV, small
extracellular vesicle; SMSC, synovial MSC; TIMP, tissue inhibitor metalloproteinase;
TNF, tumor necrosis factor; VEGFA, vascular endothelial growth factor A
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