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Osteoarthritis (OA) is a chronic degenerative disorder of the joint and its prevalence and severity is increasing owing to
ageing of the population. Osteoarthritis is characterized by the degradation of articular cartilage and remodeling of the
underlying bone. Extracellular vesicles are naturally released by cells and they carry their origin cell information to be
delivered to target cells. On the other hand, mesenchymal stem cells (MSCs) are highly proliferative and have a great
potential in cartilage regeneration.
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| 1. Introduction

Osteoarthritis (OA) is a common degenerative disorder of the joints that affects the knee, hands, hip, spine and feet.
Osteoarthritis represents a large and increasing health burden, causing patients’ function deterioration as well as
extending public health costs to deal with an increasing OA prevalence worldwide. According to data from the United
States Center for Disease Control and Prevention, OA affected 52.5 million people in the US in 2012 and is expected to
affect 78 million people by 2040 . In 2017, OA accounts for approximately 7.1% of the musculoskeletal disorders burden
and showed a statistically significant increase in comparison to 31.4% in 2007 (95% Cl:30.7,32.1) @&l Meanwhile,
between 1990 to 2019, the number of people affected globally by OA increased by 48% (4!,

The prevalence of OA is increasing due to obesity and lifestyle. Patients with OA have limited daily activities and a greater
risk of mortality 2. Age is the main factor for OA due to ageing, muscle weakness and thinning of cartilage. Meanwhile,
obesity is strongly associated with knee OA . Apart from that, genetics and diet also influence the risk of OA. To date,
the treatment for OA involves pain management using non-steroid anti-inflammatory drugs (NSAIDs) and pain killer to
relive the symptoms ! and surgical therapy for end-stage OA patients . However, surgical therapy is costly and may
lead to tissue hypertrophy. Therefore, appropriate therapeutic strategies are crucial to overcome existing problems.
Recently, mesenchymal stem cells (MSCs)-derived extracellular vesicles (EV) therapy has been suggested as a potential
therapeutic strategy for OA in an attempt to replace invasive treatments. MSC-derived EV is safe and a promising therapy
due to their unique properties including a small size, stable culture, low immunogenicity, specific targeting and carrying
biologically active components which make them a potential natural therapeutic delivery agent [&. The small size of MSC-
derived EV permits them to pass through cell barriers easily, thus increasing their capability in delivering genetic materials
directly into the cytoplasm of the recipient cells L1,

| 2. Pathophysiology of OA

Osteoarthritis is a progressive chronic condition that represents a pathological imbalance of degradative and reparative
processes involving the entire joint and its component parts, with secondary inflammatory changes, particularly in the
synovium as well as in the articular cartilage 2. This complex process of disease involves biomechanical changes in joint
composition, inflammation of the joints and metabolic changes which consequently lead to abnormal equilibrium of the
synovial joint 38, The definition and terminology of OA have long been a debatable subject centered on articular cartilage
that loses its integrity 24l Osteoarthritis is an active dynamic alteration arising from an imbalance between degradation
and regeneration of diarthrodial joint tissues involving hyaline articular cartilage, subchondral bone, cruciate and collateral
ligaments, capsule membrane and synovial membrane 256 The key pathophysiological mechanisms in OA involve pro-
inflammatory cytokines (interleukins (IL)-1, IL-6, IL-8 and tumor necrosis factor (TNF)-a) and pro-catabolic mediators
through their signaling pathway and the well-characterized effect of nuclear factor kB (NFkB) and mitogen-activated
protein kinase (MAPK) signaling responses and reprogramming are switching pathways in transcriptional networks
(Eigure 1) &,
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Figure 1. Pathophysiology of osteoarthritis (OA) at the knee joint. Inflammation and degradation of cartilage at the joint
are common features of OA which resulted from the release of proinflammatory cytokines including interleukin (IL)-1, IL-6,
IL-8 and TNF-a, pro-catabolic mediators such as matrix metalloproteinases (MMPs) and a disintegrin and
metalloproteinase with thrombospondin motifs (ADAMTS), biomechanical changes and metabolic changes.

Cartilage consists of chondrocytes that produce a large amount of extracellular matrix. Chondrocytes in a healthy articular
cartilage resist proliferation and differentiation, while chondrocytes in diseased cartilage proliferate and develop
hypertrophy. The inflammatory mediators, mechanical and oxidative stress compromise the function and viability of
chondrocytes, reprogramming them to undergo hypertrophic differentiation and early senescence, making them even
more sensitive to the effects of pro-inflammatory and pro-catabolic mediators 18!, Products that are released from the
cartilage matrix and chondrocytes in response to adverse mechanical forces and other factors induce the release of
products that deregulate chondrocyte function via paracrine and autocrine mechanisms.

| 3. Treatment of OA

3.1. Osteoarthritis Management and Current Therapy

In view of the complexity of OA mechanism, a comprehensive plan for management of OA in different patients may
include awareness in terms of educational plan, behavioral, psychosocial and physical interventions, as well as
pharmacological treatment such as the use of topical, oral and intra-articular injection and also surgical treatment 2. The
principle of treatment should be addressed according to the degree of severity as well as the patient’s medical status to
ensure that a personalized management strategy is tailored to their needs. The goals are to reduce symptoms and
ultimately slow the disease progression, which may in turn improve quality of life and consequently reduce the health cost
burden.

3.2. Pharmacological and Non-Pharmacological Therapy

A multidisciplinary, patient-centered combination of education, self-management, exercise, weight loss with realistic goals,
encouragement and regular reassessment is recommended for individuals with OA 29, Commonly, topical NSAIDs, oral
NSAIDs and tramadol are used to treat OA. However, inconclusive evidence has been shown for acetaminophen, non-
tramadol opioids and intra articular injections of corticosteroids, hyaluronic acid (HA) and platelets rich plasma (PRP) (2,
Clinical trials of intra articular glucocorticoid injections have demonstrated a short-term efficacy in knee OA as well as for
hand OA 2. However, a recent report raised the possibility that specific steroid preparations or a certain frequency of
steroid injections may contribute to cartilage loss; however, the clinical significance of this finding was uncertain,
particularly since change in cartilage thickness was not associated with a worsening in pain, function or other radiographic
features (22,

Surgical intervention is indicated in end stage OA when all previous treatment methods have failed, a significant loss in
quality of life and when the patient is severely symptomatic. Surgery is an effective treatment option; however, the long-
term success rate is not clear and may fail depending on the longevity of the implant. Surgical techniques may include



osteotomy around the knee, unicondylar arthroplasty (partial knee replacement) or total knee arthroplasty based on the
patients’ condition and degree of deformity or joint destruction (23],

| 4. Mesenchymal Stem Cells
4.1. The Source of Mesenchymal Stem Cells, Isolation and Characterization

Mesenchymal stem cells (MSCs) were first discovered in 1966 from the bone marrow 24 and hold the concept from
postnatal progenitor 23, They are also known as multipotent mesenchymal stromal cells which possess two major
features, including the ability to differentiate into multiple lineages and the capacity of self-renewal. According to the
International Society for Cellular Therapy (ISCT), MSCs must meet three minimal criteria (28], Firstly, MSCs must exhibit
plastic-adherence when grown in vitro. Secondly, MSCs must express the surface antigens CD73, CD90 and CD105
while lacking expression of CD45, CD34, CD14 or CD11b, CD79a or CD19 and HLA-DR. Thirdly, MSCs must be able to
differentiate into mesodermal cell types (i.e., adipocytes, chondrocytes and osteoblasts) when cultured under specific
conditions.

Mesenchymal stem cells can be isolated from various tissues and are not restricted to mesodermal origin-type of cells
such as bone marrow, adipose, muscle or bone. They were originally found in the bone marrow 24, but later studies
identified MSCs in other tissues such as in the peripheral blood, brain, spleen, liver, kidney, lung, thymus, placental,
umbilical cord and pancreas. Mesenchymal stem cells share a similar characteristic phenotype 28 despite their presence
in different tissue sources, albeit with some additional features that represent their tissue origin 4. Although MSCs can

be isolated from almost every type of connective tissues 28, studies have shown that bone marrow represents the major
source of MSCs [221[301(31],

4.2. Mesenchymal Stem Cell-Based Therapy

Mesenchymal stem cells have become a popular cell source for therapeutic purposes due to their immunomodulation and
regenerative properties [B2B3I34IBSSEIS7I38]  pMesenchymal stem cells possess the capacity to migrate to injured sites in
response to other cells and environmental signals and also promote tissue regeneration orchestrated by the paracrine
secretion of a broad repertoire of growth factors, chemokines and cytokines B4, Through interaction with the host niche,
MSCs were able to secrete bioactive mediators, such as growth factors, cytokines and EV that exert immunosuppressive,
anti-apoptotic, anti-fibrotic, angiogenic and anti-inflammatory effects [l |n  addition, MSCs exhibited
immunomodulatory functions by preventing immune cells’ activation or proliferation 2. The immunomodulatory function of
MSCs make them a good option for cell-based therapy, as the possibility for cell rejection is reduced.

The ability of MSCs to differentiate into various cell types enables their use as a tool in regenerative medicine.
Mesenchymal stem cells have been reported to be successfully used as a therapy against many diseases and clinical
conditions. At present, there are over 950 clinical trials worldwide that have used MSCs to treat various diseases 143]
including bone and cartilage repair, diabetes, cardiovascular diseases, liver disease, immune-related, neurodegenerative
diseases and spinal cord injuries. Mesenchymal stem cells have shown promising results in the clinical application of cell-
based therapy. The efficacy of MSCs on bone regeneration in various orthopedic conditions has been widely
demonstrated. Several clinical trials at different phases (I, 1l or Ill) have been performed for bone fracture repair using
various sources of MSCs which were implanted either via direct injection or incorporated with osteogenic matrix or
scaffolds which promoted bone repair and functions [441431146]

4.3. Mesenchymal Stem Cell-Based Therapy in Osteoarthritis Treatment

Regenerative medicine has become increasingly popular as a promising new approach for OA since articular cartilage has
a limited capacity for spontaneous intrinsic repair, and may progress to OA, owing to the sparse distribution of highly
differentiated chondrocytes, the low supply of progenitor cells and the lack of vascular supply ¥Z. This is evidenced by
wide availability in clinical practice and by publications of many case series and clinical trials.

Cell-based therapy has been a promising option in OA because it is aimed at reversing the symptoms and
pathophysiology of OA 48], The ability of MSCs to differentiate between multiple lineages including musculoskeletal tissue
supports the use of MSCs as an excellent source for degenerative musculoskeletal conditions such as in OA 49, The
therapeutic potential of MSCs in the treatment of OA is aimed at cartilage repair and restoration (Eigure 2) 9.
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Figure 2. Mesenchymal stem cells (MSCs) as an alternative cell-based therapy for osteoarthritis. Mesenchymal stem cells
dampen inflammatory activities in OA by reducing the releases of pro-inflammatory cytokines and increasing anti-
inflammatory cytokines. Additionally, their plasticity characteristic allows differentiation of MSCs into chondrocytes, thus
contributing to cartilage repair.

The capability of MSCs to undergo chondrogenic differentiation assists in the regeneration of injured cartilage. In order to
successfully enhance MSCs differentiation into chondrocytes, MSCs require soluble factors to promote differentiation such
as transforming growth factor (TGF)-B, bone morphogenetic protein (BMP) and insulin growth factor (IGF)-1 B2, The
combination of BPM2/TGF-B3 in pre-chondrogenic medium resulted in high expression of chondrocytes specific genes
such as collagen type Il alpha 1 (COL2A1) and aggrecan (ACAN) 28l Mesenchymal stem cells proliferation could also be
enhanced by a low oxygen condition, which results in an increase of cartilage specific genes expression (COL2A1 and
SOX9) and proteoglycan synthesis during chondrogenic differentiation 24!, Besides being able to regenerate or restore
injured cartilage, MSC-based therapy also focuses on the inflammation attenuation. MSCs were shown to orchestrate
immunomodulatory function of inflammatory responses through paracrine activities 22, Adipose tissue-derived MSCs co-
cultured with chondrocytes or synoviocytes showed a decrease in the expression of inflammatory factors such as IL-1(3,
TNF-q, IL-6 and CXCL8/IL-8 through the COX-2/PGE2 pathway as modulators, exerting anti-inflammatory effects in OA
condition (28],

There were several strategies used by manipulating different MSCs sources and conditions for potential OA treatment &4,
Different sources of MSCs contribute to different outcomes in cartilage regeneration. For example, human skeletal stem
cells (hSSCs) have shown the ability to generate into multilineage ossicles containing bone, cartilage and stroma, which
have a potential for chondrogenic and osteogenic activities 28l Apart from selecting different sources of MSCs,
manipulating the MSCs in an in vitro culture condition also enhances chondrogenesis. A co-culture of human
chondrocytes and chondro-progenitors (also known as cartilage cells) resulted in increased chondrogenic ability and
increased cytokines and growth factors compared to bone-marrow derived MSCs 29, Furthermore, controlling the culture
condition also contributes to better chondrogenic differentiation such as culturing MSCs with TGF-B 89 or fibroblast
growth factor (FGF)-2, 9 and 18 (64,

Direct intra articular injection of MSCs has been shown to improve the condition of OA patients (62, Several studies have
reported the use of intra articular injection of autologous bone-marrow-derived MSCs, which showed improvement in
clinical symptoms and resulted in higher arthroscopic and histological grades than the control group €384 |n another
study, an intra articular injection of autologous MSCs showed significant growth of cartilage and meniscus on magnetic
resonance imaging (MRI), increased range of motion and modified visual analog scale (VAS) pain scores at 24-weeks
post injection 82, Intra articular injection of autologous bone marrow-derived MSCs showed significant improvement in
terms of knee pain and quality of life during the 6-month follow-up 8!,

Articular cartilage tissue engineering is another aspect that can be manipulated by using biomaterial constructs. Several
biomaterials such as fibrin 82, biopolymer (chitosan) €8], synthetic polymers €4 and hydrogel % were widely used for
their ability to degrade rapidly, their low immunogenicity and their ability to enhance MSCs proliferation and chondrogenic
differentiation.



Another strategy to achieve chondrogenic differentiation of MSCs is via extracellular matrix (ECM) application by using
synthetic or natural scaffolds. MSCs cultured in vitro in serum free conditions or in hydrogel or scaffold materials such as
polymers, alginate beads and collagen sponges will eventually promote the differentiation of MSCs into chondrocytes 74,
Early pre-clinical studies have showed promising chondrogenic differentiation properties when MSCs were seeded on
scaffolds 2781, Autologous transplantation of rabbit MSCs with HA gel sponges showed a well-repaired cartilage tissue
which resembles the articular cartilage of the surrounding structure 3l Another study has also used intra-articular
injection of autologous adipose MSCs combined with HA which suppressed the OA progression and promoted cartilage
regeneration 4. The first autologous bone marrow-derived MSCs transplant embedded in vitro in a collagen gel was
reported in 2004. A year later, the use of the matrix-induced autologous chondrocyte implantation (MACI) technique was
reported by using a collagen bilayer seeded with chondrocytes 22, Since then, many studies reported promising findings
by using the MACI technique with various types of scaffolds, especially collagen due to its natural presence in the ECM
[781 Articular cartilage regeneration using allogeneic human umbilical cord blood-derived MSCs which were expanded in
HA hydrogel demonstrated production of hyaline-like cartilage after one year and the regenerated cartilage persisted after
three years [,

The use of MSCs for articular cartilage regeneration has several limitations. A transcriptome analyses of human neonatal
articular cartilage (hNAC) and MSC-derived cartilage has demonstrated that over 500 genes that are highly expressed in
hNAC were not expressed in MSC chondrogenesis 8. This suggests that in vitro MSC-derived cartilage may not
represent the actual in vivo chondrocytes. In addition, in vitro cultured MSCs displayed a hypertrophic phenotype, thus
limiting their application in articular cartilage tissue engineering 2. Since MSCs are heterogenous, their numbers vary in
tissues and different MSC sources may not be equivalent in terms of function [Z2189,
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