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KEYWORDS Summary Osteoarthritis is a degenerative disease of joints with destruction of articular
epigenetics; cartilage associated with subchondral bone hypertrophy and inflammation. OA is the leading
MSCs; cause of joint pain resulting in significant worsening of the quality-of-life in the elderly.
osteoarthritis; Numerous efforts have been spent to overcome the inherently poor healing ability of articular
secretome; cartilage. Mesenchymal stem cells (MSCs) have been in the limelight of cell-based therapies to
translation promote cartilage repair. Despite progressive advancements in MSC manipulation and the

introduction of various bioactive scaffolds and growth factors in preclinical studies, current
clinical trials are still at early stages with preliminary aims to evaluate safety, feasibility
and efficacy. This review summarises recently reported MSC-based clinical trials and discusses
new research directions with particular focus on the potential application of MSC-derived
extracellular vehicles, miRNAs and advanced gene editing techniques which may shed light
on the development of novel treatment strategies.

The translational potential of this article: This review summarises recent MSC-related clin-
ical research that focuses on cartilage repair. We also propose a novel possible translational
direction for hyaline cartilage formation and a new paradigm making use of extra-cellular sig-
nalling and epigenetic regulation in the application of MSCs for cartilage repair.
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Introduction

Osteoarthritis (OA) is a condition of progressive erosion of
articular cartilage characterised by worsening pain during
movement of joints and decreasing ability of the joint to
withstand mechanical stress, eventually limiting joint
mobility and function. Any synovial joint can develop OA,
but knees, hips and small hand joints are the most commonly
affected sites [1]. It often severely impedes elderlies’ daily
activities. In the United States, data from 2010 to 2012
showed that 21.4%, or around 52.5 million adults reported
doctor-diagnosed arthritis during that period; and 9.2%
among them had arthritis-attributable activity limitations
[2]. Damage to articular cartilage due to traumatic injury or
other pathological conditions is traditionally considered to
be the main cause of OA. Articular cartilage in diarthroidal
joints is composed of hyaline cartilage with a specialised
anatomical structure and composition facilitating low fric-
tion and painless movement. Articular cartilage is hyaline
cartilage composed of chondrocytes residing in a dense
extracellular matrix (ECM). The specialised composition of
the ECM renders unique viscoelastic properties allowing
smooth movement. Collagen is the major constitute making
up to 60% of the dry weight. Type Il collagen accounts for
90—-95% of total collagen and the formed fibres are inter-
twined with proteoglycan aggregates [3]. Fibrocartilage and
elastic cartilage are another two types of cartilage in the
human body with different ECM and cell compositions [4,5].
Disruption of the articular cartilage severely affects the
knee joint’s load-bearing functions, restricting both the
ease and range of movement thus highlighting the impor-
tance of chondrocytes for joint health. Chondrocytes origi-
nate from mesenchymal progenitor cells and contribute
about 2% of the total volume of cartilage; their survival re-
lies on a suitable microenvironment and mechanical stress.
However, despite their importance, they have limited po-
tential for replication, leading to a limited capacity of the
cartilage to recover in response to injury. The exact path-
ophysiology of OA is still disputed, but a cardinal feature of
OA is the thinning of articular cartilage associated with pain,
inflammation, and radiologically observable changes such as
sclerosis and osteophytes. Synovial irritation, inflammation
and bone remodelling processes result in a more uneven
joint surface which could further accelerate joint damage.
Emerging evidence indicates that OA is not just a cartilage
disease, but rather a dynamic pathological conditions of all
of the whole joint tissues including the synovium and sub-
chondral bone [6—9].

Current treatments for OA and their
limitations

According to the OA Research Society International (OARSI)
and the American Academy of Orthopaedic Surgeons, the
main OA treatments can be categorised into physical mea-
sures, pharmacological therapy and surgery [10,11]. Physical
measures help to reduce the mechanical imbalance and
thus, the risk of OA. Drugs, including paracetamol, non-
steroidal anti-inflammatory drugs (NSAIDs) and opioid anal-
gesics are optional for moderate to severe pain, which are
reported to be associated with considerable side effects,

including liver toxicity, gastrointestinal complications like
bleeding and perforated gastric ulcers, nausea, dizziness,
constipation, tiredness, etc. Intra-joint injections of hyal-
uronic acid was one option for the treatment of cartilage
lesions, but recent clinical studies showed that the use of
hyaluronic acid did not significantly improve clinical out-
comes compared with the placebo group [12]. Arthroscopic
lavage and debridement have previously been recommended
as treatment modalities up until the early 2000s [13]. Pre-
vious uncontrolled studies have signified pain improvement
in more than half of the patients [14]. It was thought that the
debridement procedure prevented further degradation of
the joint during movement, delaying the progression of
osteoarthritis and reducing pain. Studies later proved that
both procedures performed no better than the placebo in
improving knee pain and self-reported function [15], there-
fore this line of treatment was subsequently abandoned.
Minimally invasive microfracture procedures had brought
hope to patients, but growing evidence showed that the
generated fibrocartilage-like repair tissue was less optimal
for long-term benefits [16,17]. All these treatment solutions
may benefit some subjects as reflected by symptom relief,
but none of them can prevent the affected articular cartilage
from progressive destruction. These patients would even-
tually need a surgical joint replacement surgery to regain
joint function. Apart from the long waiting time in local
public hospitals for this surgery, many of these patients who
suffer from cartilage lesions are relatively young, and they
would outlive the useful life of a total joint replacement
[18], implying the need for a second joint replacement sur-
gery. In view of these limitations, extensive efforts have
been spent to search for alternative strategies to promote
cartilage repair. In this Review, we discuss the rationale and
recent clinical trial experiences of the use of mesenchymal
stem cells (MSCs) for OA therapy, and summarise some novel
research directions to facilitate the application and outcome
of MSC-based therapy for the clinical management of OA.

Cell-based therapy for OA

Articular chondral or osteochondral lesions usually cannot
regenerate into hyaline cartilage. It is speculated that the
lack of vasculature within damaged cartilage might limit
the infiltration of progenitor cells which are required for
the tissue regeneration process [19]. Tissue engineering has
come into the limelight of modern science since its intro-
duction in the 1980s. In recent years, cellular components,
engineered scaffolds and bioactive substances have been
explored as an alternative to traditional surgical methods
to facilitate functional tissue regeneration. Autologous
chondrocyte implantation (ACIl) is a typical example of
tissue engineering widely accepted to treat small to mod-
erate-sized osteochondral defects. The first arthroscopic
operation is required to obtain a cartilage biopsy for the
expansion of chondrocytes in vitro, which will be implanted
into the debrided defect site and covered by a membrane in
the second operation. This technique with autologous cells
could avoid eliciting immune complications and minimise
site morbidity when compared with autologous osteochon-
dral implantation. The drawback of a lack of mechanical
and biocompatible scaffolds to support chondrocyte
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proliferation and function is solved by the introduction of
matrix-induced autologous chondrocyte implantation
(MACI) technology. Unlike ACI, MACI requires the incubation
of expanded autologous chondrocytes on an absorbable
porcine-derived mixed collagen membrane before implan-
tation. Several short-term follow-up studies and large ani-
mal studies have reported improvement in histological
assessments and physical functions by MACI [13—15,20];
however, the superiority of MACI over existing micro-
fracture techniques remains debatable [15,21]. One
possible explanation for the compromised outcome of ACl is
that chondrocytes will lose their cartilage-like properties
and turn into a dedifferentiation status during in vitro
expansion [22], leading to the formation of fibrocartilage,
with less satisfactory long-term mechanical endurance
[23]. Despite these limitations, the most recent approval by
the U.S. Food and Drug Administration on the clinical use of
autologous cultured chondrocytes on porcine collagen
membrane (MACI) for the repair of symptomatic, full-
thickness cartilage defects of the knee is indeed a posi-
tive movement to encourage further research on cell-based
therapy for different cartilage problems.

Bottleneck of MSC-based therapy for OA

MSCs are multipotent cells capable of differentiating into
osteocytes, adipocytes, chondrocytes and other cells under
defined conditions and can be isolated from various tissues,
including bone marrow, adipose, and even peripheral blood
[24,25]. MSCs exhibit low levels of major histocompatibility
complex, therefore they are believed to possess low
immunogenicity [26,27]. There are no definitive markers
for the identification of MSCs, but several surface positive
phenotypes such as CD90, CD44, CD73, CD105 and CD146,
and negative markers including CD11b, CD34, CD45, CD31
and CD117 are suggested representative markers for MSCs
characterisation [28,29]. Despite the lower differentiation
potential of embryonic stem cells (ESCs) and induced
pluripotent stem cells (iPSCs), MSCs derived from adult
somatic tissues are of less ethical and safety concerns
regarding their clinical applications. At the time of writing,
adult tissues are the dominant source of MSCs for clinical
trials for OA. Emerging evidence has suggested the thera-
peutic potential of MSCs derived from human fetal tissues
in various aspects; however, it is not covered in this review.
Recent studies indicated that the biological activities of
MSCs could be achieved by MSC-conditioned medium con-
taining bioactive secretory factors [30], suggesting the po-
tential to develop cell-free therapeutic strategies for tissue
repair. Now, MSC-based therapy is categorised into autol-
ogous and allogeneic, based on the source of MSCs. Autol-
ogous MSCs are a widely selected source to minimise the
immune response which is often the major concern of the
Institutional Review Board reviewing exercise. Moreover,
this patient-specific MSC therapy also means a higher
chance of variation in potency. MSC differentiation poten-
tial and proliferation capacity are reported to be age-
dependent [31,32], which could result in the decrease of
number and activity of MSCs in the final product and thus,
the healing outcome. As OA affects mostly aged people,
allogeneic MSCs appear to be a more tangible source which

could be isolated, expanded, characterised and activity
tested in advance to provide more homogenous MSCs in
terms of number and activity, and to provide off-the-shelf
products to allow for emergency application.

Unstable phenotypes, manifested as reduced chondro-
genic matrix formation, more undesired mineralisation and
rapid cell death after injection have been reported in MSCs
after long-term ex vivo culture [33—35]. Various attempts
have been proposed to retain or promote the chondrogenic
potential of MSCs in culture, including identification of new
sources of MSCs, addition of growth factors, enrichment of
sub-populations and modification of culture conditions
[36—40]. Yet there is no consensus on the source and cell
manipulation; a number of clinical trials have been con-
ducted to evaluate the safety, feasibility and potential ef-
ficacy of using MSCs for cartilage repair on the basis of
successful preclinical studies. In clinicaltrials.gov, a search
with the keywords osteoarthritis AND stem cell results in
45 registered trials including those with an ‘Unknown’ and
‘Recruiting’ status. A PubMed search with “osteoarthritis
OR chondral OR defect AND stem cell” showed 18 clinical
trials (excluding two case reports) published over the past
15 years (Table 1) [41—58]. From the limited available in-
formation, bone marrow and adipose tissue were the major
sources for MSC isolation owing to more mature cell iso-
lations, culture protocols, preclinical experiences and evi-
dence. Most of these trials used autologous MSCs to
eliminate immune rejection, while there were three out of
18 studies attempting to investigate the potential applica-
tion of allogeneic MSCs. Of particular interest, de Windt
et al [42] reported a one-surgery-two-cells technique which
combined allogeneic MSCs with recycled autologous chon-
drocytes with a native pericellular matrix, and Akgun et al.
[57] showed superior healing outcomes of MSCs compared
with chondrocytes for the treatment of isolated chondral
lesions. Except for one trial with a five-year follow-up of
four cases [41], the remaining studies have shorter follow-up
periods from six months to two years to provide sufficient
data to justify the long-term efficacy of MSC therapy. The
pioneer team led by Wakitani reported the absence of local
tumours and infections between five and 137 (mean 75)
months of follow-up in 41 patients who received 45 trans-
plantations of autologous bone marrow-derived MSCs [59].
This is the longest follow-up on the safety of MSC therapy for
cartilage repair. A similar long-term safety follow-up for
allogeneic MSCs is warranted.

Based on our experience and other reported trials, one
common problem affecting the healing outcome is the ten-
dency of MSCs to differentiate into fibro-like tissue instead of
hyaline cartilage [60]. How to eliminate or reduce hypertro-
phic chondrogenesis of the injected/implanted MSCs is one of
the major hurdles to successful cartilage repair. Genetic
modification is a promising tool to induce the persistent
chondrogenic phenotype of MSCs in cellular and animal
studies [61,62]; however, the required well-trained
personnel and specific facilities are only available in a few
clinical centres. It is of clinical interest to develop more
feasible and effective methods to obtain more chondrogenic
capable MSCs in order to promote its clinical application. One
research direction is to identify new sources of MSCs for
cartilage repair. It is believed that epigenetic memory may
render significant impact on the lineage-differentiation
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Table 1  Chronological list of publications of MSC application for cartilage repair.
Author/ Sample size/ Age Type of Stages Stem cell source/ Mode of delivery Co-treatment Control groups Longest Assessments Ref
year gender (mean or cartilage of OA amount follow-up
average) lesions time point
1 de Windt TS/ 10 (8M, 2F)  18—45 Symptomatic Modified Allogeneic bone Single defect site- 10 or 20% autologous Nil 12 months KOOS, VAS, EQ5D, [42]
2017 isolated cartilage Outerbridge  marrow-derived specific chondrons MRI, second-look
defect (femoral Grade 3 or 4 MSCs/NS implantation arthroscopy,
condyle/trochlea) histology (biopsy)
2 Pers YM/ 18 (8M, 10F) 50-75 Knee OA KL: 3 or 4 Adipose-derived Single intra- Nil Nil 6 months Primary outcome: [48]
2016 MSCs/Low: 2 x 10%; articular injection Safety of the dose-
Mid: 10 x 10%; escalation protocol
High: 50 x 10° Secondary outcome:
WOMAC, VAS, PGA,
SAS, KOOS, histology
(biopsy)
3 Koh YG/ 80 (30M, 50F) 18—50 Symptomatic ICRS: 3 0or4 Adipose-derived Single defect site- Microfracture; fibrin Microfracture 24 months MRI, Lysholm score, [46]
2016 cartilage defect MSCs/5 x 10° specific glue KOOS, VAS, second-
(>3 cm?) on femoral implantation look arthroscopy and
condyle histology (biopsy)
4 Fodor PB/ 6 (1M, 5F) 51—69 Knee OA KL: 1 to 3 Adipose-derived Single intra- Nil Nil 12 months WOMAC, VAS, ROM, [43]
2016 stromal vascular articular injection TUG, MRI
cells/14 x 10°
5 Davatchi F/ 4 (2M, 2F) 54—65 Knee OA KL: 2 or 3 Bone marrow- Single intra- Glucosamine was Nil 60 months Standing knee X-ray, [41]
2016 derived MSCs/8 articular injection permitted if the VAS, ROM, walking
-9 x 10° patients was taking time for pain to
it before being appear.
enrolled.
6 Akgun I/ 14 (8M, 6F)  18—46 Isolated full KL: 1 or 2 Autologous Implantation of  Type I/Ill collagen = Matrix-induced 24 months Primary outcome: [57]
2015 thickness knee synovium-derived  cells preloaded membrane autologous pain assessment and
chondral defect MSCs/4 x 10° collagen (2 x 2 cm) chondrocyte KOOS
>2 cm? membrane into implantation Secondary outcome:
the debrided site clinical knee
examination and MRI
7 Vega A/ 30 (13M, 17F) 36—73 Knee OA KL: 2 to 4 Allogeneic bone Single intra- Nil Single dose 12 months VAS, WOMAC, [51]
2015 marrow-derived articular injection of HA Lequesne, SF-12,
MSCs/40 x 10° MRI
8 Jo CH/ Phase I: 9 18-75 Knee OA KL: 2 to 4 Adipose-derived Single intra- Nil Nil 6 months Primary outcomes:  [44]
2014 patients stromal cells/Low: articular injection Safety and WOMAC
n=3 1 x 107; Mid : Secondary
each group) 5.0 x 107; High : outcomes: Clinical
1 x 108 cells (VAS & KSS);
Phase II: 12 Adipose-derived Radiological (X-ray
patients stromal cells/ and MRI);

(including 3
(high dose)
from phase |

1 x 10® cells

Arthroscopic (Size
and ICRS), and
Histology (biopsy)

(continued on next page)
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Table 1 (continued)

Author/ Sample size/ Age Type of Stages Stem cell source/ Mode of delivery Co-treatment Control groups Longest Assessments Ref
year gender (mean or cartilage of OA amount follow-up
average) lesions time point
9 Vangsness 55 (35M, 20F) 18—60 Patient underwent  Not specified Allogeneic bone Superolateral Injection given 7 Vehicle 24 months Safety assessment, [50]
Jr CT/ partial medial marrow-derived knee injection —10 days after control serological
2014 meniscectomy MSCs/Group A: partial medial (sodium measurement of
50 x 10% Group B: meniscectomy hyaluronate, immune cell
150 x 10° human serum markers, MRI, VAS,
albumin and Lysholm Knee Scale
PlasmalLyte A) Score
10 Wong KL/ 56 (29M, 27F) 18-55 Uni-compartmental ICRS: 2 to 4 Bone marrow- Intra-articular MSCs injection in HA 24 months Primary Outcome: [52]
2013 OA knee (medial) & derived MSCs/ injection conjunction with IKDC
genu varum 1.46 + 0.29 x 107 microfracture & High Secondary Outcome:
cells tibial osteotomy; Tegner and Lysholm
MSCs in HA (2 mL); clinical scores;
followed by 2 extra MOCART
doses of 2 mL HA
injection repeated
at weekly intervals
for all patients
11 Orozco L/ 12 (6M, 6F) 49 +5  Knee OA KL: 2 to 4 Bone marrow- Intra-articular Ringer lactate, 0.5% Nil 12 months VAS, WOMAC, [47]
2013 derived MSCs/ injection human albumin and Lequesne, MRI,
40 x 10° cells 5 mM glucose
12 Saw KY/ 49 (17M, 32F) 18-50 Focal Chondral ICRS: 3 0or4 Autologous Intra-articular PBSC + HA; 5 weekly HA 24 months IKDC; MRI; second-  [49]
2013 lesion peripheral blood injection injections 1 week look arthroscopy;
progenitor cells/NS after surgery histology (biopsy)
followed by 3
additional injections
weekly intervals at
6 months
13 Koh 18 (6M, 12F) 54.6 Knee OA ICRS: Grade Infrapatellar fat IA injection - Arthroscopy Nil 26 months Lysholm score; [53]
YG/2013 3 or 4KL: pad MSCs/ lateral approach debridement; MSCs Tegner activity
Grade 1.18 x 10° in PRP (Avg scale; VAS; MRI
3or4 1,280,000/ pL
platelets); PRP
injection every
7 days for 2 weeks;
CaCl, added to PRP
for activation
14 Koh YG/ 25 (8M, 17 F) 54.1 Knee OA ICRS: Grade Infrapatellar fat IA injection - Arthroscopy PRP 18 months Lysholm score; [45]
2012 3 or 4KL: pad MSCs/ lateral approach debridement; MSCs Tegner activity
Grade 3or4 1.89 x 10° in PRP (Avg scale; VAS

1,280,000/ pL
platelets); PRP
injection every

7 days for 2 weeks;
CaCl, added to PRP
for activation
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15 Saw KY/
2011

16 Nejadnik H/
2010

17 Davatchi F/
2011

18 Wakitani/
2002

5 (1M, 4F)

39.4

72 (38M, 34F) 43.25

4 (2M, 2°F)

24 (9M, 15F)

57.75

63

Focal Chondral
lesion

Symptomatic
chondral
lesion

Bilateral OA

Medial
unicompartmental
OA

ICRS 3 or 4

Lesion grade
3or4

Nil

Ahlback
changes:
Stage 1-2;
Outerbridge
stage 4 lesion
on the tibial
plateau and
femoral
condyle

Autologous
peripheral blood

progenitor cells/NS

Autologous bone
marrow derived
MSCs/NS

Autologous bone
marrow derived
MSCs from iliac
crest/8 or 9 x 10°
Autologous bone
marrow derived
MSCs from iliac
crest/NS

Intra-articular
injection

Implantation
upon autologous
periosteal patch

Intra-articular
injection

Implantation of
collagen cell
sheets

Arthroscopic
subchondral drilling;
5 weekly injections 1
week after surgery;
3 additional
injections of either
HA or PBSC + HA
weekly intervals 6
months after surgery
Fibrin glue

Saline with 2%
human serum
albumin

High tibial
osteotomy; Gel-cell
composite; Covered
with autologous
periosteum

Nil 26 months

First-generation 24 months

autologous

chondrocyte

implantation

Nil 6 months
Cell free 95 weeks

Second look
arthroscopy;
Histology (H&E,
Safranin O, IHC)

[54]

ICRS cartilage injury [58]
evaluation package,
IKDC, Lysholm score;
Tegner activity scale

X-rays; Clinical; VAS [55]
Arthroscopic [56]
photography;

Histological samples
(cell morphology);
Clinical evaluation
(Pain Function Range
of motion Muscle
strength Flexion
deformity Instability
Subtraction etc)

EQ5D = EuroQoL 5-Dimension Health Questionnaire; F = female; HA = hyaluronic acid; H&E = haematoxylin and eosin staining; ICRS = International Cartilage Repair Society score;
IHC = immunohistochemistry; IKDC = International Knee Documentation Committee; KL = Kellgren—Lawrence Scale; KOOS = Knee injury and Osteoarthritis Outcome Scoring;
KSS = Knee Society Clinical Rating System score; Lequesne = Lequesne algo-functional indices; M = male; MOCART = Magnetic Resonance Observation of Cartilage Repair Tissue score;
MRI = magnetic resonance imaging; MSC = mesenchymal stem cell; NS = not specified; OA = osteoarthritis; PBSC = peripheral blood stem cell; PGA = Patient Global Assessment;
PRP = platelet-rich plasma; ROM = range of motion; SAS = Short Arthritis Assessment Scale; SF-12 = short form-12 life quality questionnaire; TUG = timed up-and-go; VAS = visual
analogue scale for pain; WOMAC = Western Ontario and McMaster Universities Arthritis Index.
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specificity of MSCs. Recently, synovium stem cells (S5Cs) [63]
have been used for OA treatment. Since it isisolated from the
synovium membrane, which is a tissue attached at the sur-
face of articular cartilage, a better outcome in chondrogenic
differentiation is expected. Fetal tissue-derived stem cells,
particularly fetal cartilage- derived stem cells have shown
higher chondrogenic activity [64]. Due to the higher plastic
and proliferation ability of fetal stem cells as compared to
their adult counterpart, fetal stem cells may be a better
choice for tissue engineering.

Perspectives of MSC-based therapy for OA
Paracrine action of MSCs on tissue regeneration

How MSCs facilitate tissue regeneration is seemingly not a
simple process. Increasing evidence indicates that the life
span of injected/implanted MSCs at the damaged sites was
much shorter than expected [65,66]. It appears that the
bioactive paracrine factors secreted by MSCs play some, if
not all, beneficial effects in modulating the microenviron-
ment of the damaged tissue, leading to more favourable
conditions for tissue regeneration [67]. MSCs secrete a
spectrum of paracrine factors, collectively termed as
secretome, consisting of various proteins for diverse bio-
logical functions, including immune regulation, angiogen-
esis, antiapoptotic, antioxidative, cell homing and
promotion of cell differentiation [68]. MSCs release cyto-
kines to initiate cartilage repair, which is followed by
chondrogenic proliferation together with secretion of ECM
proteases and growth factors like transforming growth
factor-B (TGF-B), insulin-like growth factor-1 (IGF-1), and
fibroblast growth factor (FGF) [28—33]. These factors
collectively comprise an important part of the MSCs
secretome and stimulate cartilage repair. A recent study
revealed that MSCs secreted various chemokine (C-X-C
motif) ligands and chemokine (C-C motif) ligands, vascular
endothelial growth factor A, and interleukin 6 under the
exposure of synovial fluid from early- and late-stage OA
patients [69]. The secreted paracrine factors could be
enclosed in extracellular vehicles (EVs), which are
comprised of diverse molecules including lipids, proteins,
RNA (mRNA and non-coding RNAs), and DNA subtypes [70].
The diameter of EVs range from 40 nm to 150 nm. The
biological nature of EVs facilitate crossing the blood brain
barrier, cell targeting, and protection of the components
from degradation in circulation [71]. Increasing evidence
has shown the beneficial effects of EV-treatment on various
tissues, including cardiovascular tissues, kidney, liver and
skin [72]. Its lower tumourigenicity [73] suggests that EVs
could be a standalone therapeutic product or a co-
administered agent to enhance the effectiveness of MSC
therapy.

Delivery efficiency is decided by two key features: the
durability of EVs presence in blood and tissue distribution of
EVs. EVs with a diameter between 80 nm and 150 nm
exhibited the longest circulation time owing to selective
uptake by the liver (<80 nm) and spleen (>250 nm) [74,75].
Besides the size, the loading efficiency also governs the
effectiveness of EVs. EVs are a bilayer membrane structure,
which is of limited loading efficiency. There are two major

strategies for loading; first, gene overexpression vectors
are transferred into cells before EV isolation. The bioactive
proteins will be enveloped in EVs via endogenous RNA
secretory mechanisms. The second strategy is loading after
EV isolation, in which proteins of interest are loaded into
pre-isolated EVs by physical or chemical treatment,
including electroporation and incubation at room temper-
ature, repeat freeze-thaw cycle, ultrasonication, deter-
gent treatment and extrusion [71].

Clinical application potential of EVs

Though there are still ambiguous areas of mechanisms, EVs
have been employed in many clinical trials. Until now, only
one group reported that EVs derived from gene-modified bone
marrow-derived dendritic cells could delay collagenase-
induced arthritis [76]. Exosomes have been isolated from
various sources of stem cells, including adipose, bone marrow,
fetal tissue and ESC/iPSC [77—80]. Studies report encouraging
results of exosome therapy. Exosomes derived from MSCs have
been used as a tool to treat graft-versus-host-diseases, since
MSCs are considered immune modulating cells [81]. Another
group report that MSC exosomes could prevent adverse
remodelling after myocardial ischemia/reperfusion injuries
through regulation of the energy metabolism [82]. Addition-
ally, MSC exosomes could induce fibroblast proliferation and
angiogenesis which contribute to wound healing [83]. Arecent
study showed the positive effect of exosomes isolated from
ESC-derived MSCs, which promoted osteochondral regenera-
tion in rats [84]. This study demonstrated the potential
application of exosomes in OA treatment. Until now, there are
few studies on EVs in the field of OA. Intra-articular injection
of EVs derived from human embryonic MSCs resulted in
remarkable restoration of hyaline cartilage in adult rats witha
groove model while the phosphate-buffered saline control
group resulted in fibrocartilage generation. Another study
proved that miR-140 overexpression synovium-derived stem
cell-derived exosomes promoted cartilage regeneration in
rats [85]. On the other hand, EVs derived from IL-1B-pre-
treated MSCs induced OA changes in chondrocyte culture [86].
Further study indicated enriched content of OA genes target
miR-23b and miR-92a in conditioned medium of MSC culture
[87]. These clues suggest that the biological function of EVs
is dependent from where the cells originated. EVs per se could
be an indicator of the cellular response to the surrounding
microenvironment, and contain information for cell-to-cell
communication.

With this concept, EVs derived from specifically cultured
or engineered MSCs could be used for the treatment of
particular pathological conditions, while EVs derived from
juvenile MSCs could ameliorate some age-associated im-
pairments in aging MSCs (Figure 1). It remains elusive how
these secreted proteins and EVs as a cocktail promote
cartilage regeneration and what factors determine the
secretary profile. A standardised and validated protocol for
preparation and quality control would be indispensable to
avoid batch-to-batch variation.
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Schematic illustration of the proposed strategy of hyaline cartilage regeneration with MSCs and secreted EVs. Naive or

genetically modified MSC-secreted EVs consisting of bioactive proteins and miRNAs could be used directly to modulate the
microenvironment of the damaged cartilage tissue to promote cartilage repair, or be used to enhance the chondrogenic ability of
the primed MSCs before injection or implantation for cartilage repair.

Epigenetics: a new player in MSC therapy for OA?

Until now, the exact mechanism underlying the biological
activity of EVs is unclear. The above evidence suggests that
microRNA (miRNA) could be a determining factor for the
biological activity of EVs. As a key regulator of epigenetic
regulation, miRNA has been under investigation for decades
[88,89]. Epigenetic regulation can generally be defined as
post-genetic or non-genetic regulation. This post-transcript
modulation will evenly affect the gene expression without
modifying the gene sequence. It is safer to control the fate
of the stem cell’s self-renewal or differentiation through
post-transcript modulation. Interestingly, although the
genome sequence did not change, the epigenetic pattern
was still inheritable [90], this provides a clue that extra-
cellular signalling can possibly be passed to descendants.
Epigenetic regulation of MSCs can be achieved through DNA
methylation [91,92], histone modification [93] and chro-
matin remodelling [94]. For instance, histone methylation
on H3K9 and H3K14 could control the replicative senescence
of MSCs [93], as well as the histone acetylation [95]. The
differentiation ability of MSCs is also under the regulation of
the epigenetic gene network. Epigenetics has emerged to
provide additional information on the pathomechanism of
many complex diseases [96]. Several studies have revealed
the epigenetic changes during chondrogenesis. In general,
the expression of critical chondrogenic genes such as Sox9,
Runx2 and Fgfr3 are influenced by DNA methylation [97].
Two histone acetylates, HDAC1 and HDAC4, could inhibit the
gene expression of Comp and Runx2, respectively [98,99].
HDAC also activates type Il collagen expression through Wnt
signalling [100]. High throughput screening has identified a
few histone modification enzymes, including H3K4me3,
H3K9%ac and H3K36me3, which were enriched near the pro-
moter regions of genes related to chondrogenesis and ECM
synthesis [101]. Recent studies reported that Col10A1 and
Mmp13 promoters could be demethylated under OA condi-
tions [102,103], indicating the link between the hypertro-
phic phenotype of chondrocytes and DNA methylation. For

histone modification, HDAC overexpression was reported to
repress Acan, Col2A1 and Mmp13 [104,105].

As one of the epigenetic mediators, miRNA has attracted
researchers’ attention in recent years. The biology of
miRNA has been reviewed extensively but is not in the
scope of the present review [106,107]. miRNA is a small
non-coding RNA (18—24 nucleotides in length) and consti-
tutes part of a large family named non-coding RNA. They
exert their function by binding to the target’s mRNA 3’
untranslated region (3-UTR) and further repress the trans-
lation or increased degradation of mRNA [108]. Differen-
tially expressed miRNAs are found in the whole joint in OA
patients. Increasing studies have depicted a complex pic-
ture on how miRNA regulates or influences OA. In OA
pathogenesis, the role of miRNA is mainly focused on
inflammation pathways. They also mediated the anabolic
and catabolic balance. In cell therapy, miRNA also regulates
the differentiation of MSCs into adipocytes, osteoblasts and
chondrocytes. miR-140 is one the most studied miRNAs in
OA research [107]. It is highly expressed in chondrocytes
and regulates cartilage homeostasis. miR-140 also controls
the cartilage via TGF-B and BMP signalling [109]. Recently,
a specific group of miRNAs showed their therapeutic po-
tential in OA treatment [69]. MSC-derived EVs contain 150
miRNAs, which target the wide spectrum of signalling
pathways, including SMAD, MMP13 and PKA which are all
crucial pathways affecting OA pathogenesis. Among them,
miR-125 targets ADAMTS4, miR-320 targets MMP-13 and
miR-145 targets Sox9. Increasing evidence indicates that
MSC-secreted EVs might assist OA treatment through
complicated miRNA network regulations [110]. It appears
that different cell sources or treatment conditions will
produce EVs with various miRNA profiles. In short, along
with the increasing studies in the OA field, it becomes more
clear that nearly all the representative OA related genes,
including Nfat1, Sox9, IL-1beta, TNF-alpha, ADAMTS4/5,
Mmp9/13, Col2A1, Col9A1 and Acan are regulated by DNA
methylation, histone modification and miRNA, respectively
[111]. Epigenetic regulation is a vital player during OA
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development and progression. Targeting these epigenetic
changes directly or indirectly could produce additive or
synergistic effects to enhance the therapeutic outcomes of
MSC-based therapy.

Advancing MSC abilities with gene editing
technology

The success of many of the aforementioned novel strategies
relies on sophisticated gene editing technology. Gene
editing MSCs have always been criticised due to the po-
tential risk of tumourigenecity. An advanced CRISPR/Cas9
technology has emerged to overcome this obstacle. CRISPR
(Clustered Regularly Interspaced Short Palindromic Re-
peats) and CRISPR-associated (Cas) genes play an essential
adaptive immunity in some bacteria, allowing the elimina-
tion of invading genetic materials. Cas9 is one of the Cas
proteins which is unique to other CRISPR systems as only
one Cas9 protein is required for gene silencing. This system
consists of two elements: a nuclease, which behaves like a
pair of scissor to cut genomic DNA, and a guide RNA (gRNA)
which responds to recruit the nuclease to the target site. By
altering the sequence of the gRNA, Cas9 nucleases can be
directed toward the DNA target via Watson-Crick base
pairing where it carries out strand-specific cleavage leaving
the site for further genetic manipulation [112]. With sub-
sequent improvement since its introduction, the CRISPR/
Cas9 system is now able to achieve gene knockout, genome
correction, cassette knockin and gene deletion. More
importantly, the CRISPR/Cas9 system can be delivered in
different forms, including virus, plasmid, RNA, and protein
[113]. For example, CRISPR/Cas9 has been employed to
regulate TGF-B signalling through precise SMAD protein
knockdown [114]. To avoid permanent genome editing,
CRISPR/Cas9 could be activated in a reversible manner
[115] and block the gene expression in other cell types but
not MSCs [116]. One of the advantages of the CRISPR/Cas9
system is the very low effect in gene editing [117]. Despite
this, numerous efforts have been spent to optimise the
CRISPR/Cas9 system for diverse applications, readers are
advised to pay attention to the ethical concerns and safety
issues that have been raised regarding this powerful tool,
which is not the scope of the present review.

The first clinical trial using CRISPR/Cas9 technology in
humans was conducted in China in 2016. CRISPR/Cas9 has
been used to treat patients with metastatic non-small cell
lung cancer [118]. This breakthrough provides conceptual
and practical guidelines on the clinical application of
CRISPR/Cas9. The capability of CRISPR/Cas9 has been used
in many pre-clinical studies. In the treatment of OA, it is
not necessary to modify the patient’s genome. However,
specifically targeting the key regulators represents a po-
tential strategy to enhance the therapeutic ability of MSCs.
In 2016, three research groups have attempted to modify
MSCs and chondrocytes with lentivirus-carried CRISPR/Cas9
[119—121].

Conclusion

Although MSC-based therapies have shown successful
cartilage renewal and pain relief, recent trials on MSC

cartilage regeneration do not provide a high level of evi-
dence on the restoration of the original hyaline cartilage
for long-term OA improvement. Processing techniques of
MSCs lacked expansion and differentiation control for
optimal chondrogenic potential, and sample sizes and
follow-up periods for randomised control trials were not
large or long enough to conclude effective regeneration.
Furthermore, some studies utilised autologous MSCs in
elderly patients, resulting in outcome inconsistencies be-
tween trials due to an age-related decrease in MSC prolif-
eration. Unlike pharmaceutical drugs with defined chemical
structures and functions, the identification and functional
characterisation of MSCs are not standardised yet, thus
making it difficult to produce MSCs with consistent biolog-
ical activities in a large scale for clinical trials. Yet the
dosage and mode of delivery of MSCs for cartilage repair in
humans remains debatable, recent advancement in the
aetiology and pathogenesis of OA, the biology of MSCs, and
state-of-the-art gene editing technology have provided
insight into the alternative manipulation and application of
MSCs. With the combination of EV application and CRISPR/
Cas9 technology, there are enormous opportunities to
achieve better clinical outcomes from the use of gene
modulation.
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