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REVIEW
Mesenchymal Stem Cells: Potential Role in the
Treatment of Osteochondral Lesions of the Ankle
Howard C. Tribe, Josephine McEwan, Heath Taylor, Richard O. C. Oreffo,
and Rahul S. Tare*
Given articular cartilage has a limited repair potential, untreated osteochon-
dral lesions of the ankle can lead to debilitating symptoms and joint
deterioration necessitating joint replacement. While a wide range of repara-
tive and restorative surgical techniques have been developed to treat
osteochondral lesions of the ankle, there is no consensus in the literature
regarding which is the ideal treatment. Tissue engineering strategies,
encompassing stem cells, somatic cells, biomaterials, and stimulatory signals
(biological and mechanical), have a potentially valuable role in the treatment
of osteochondral lesions. Mesenchymal stem cells (MSCs) are an attractive
resource for regenerative medicine approaches, given their ability to self-
renew and differentiate into multiple stromal cell types, including chondro-
cytes. Although MSCs have demonstrated significant promise in in vitro and
in vivo preclinical studies, their success in treating osteochondral lesions of
the ankle is inconsistent, necessitating further clinical trials to validate their
application. This review highlights the role of MSCs in cartilage regeneration
and how the application of biomaterials and stimulatory signals can enhance
chondrogenesis. The current treatments for osteochondral lesions of the
ankle using regenerative medicine strategies are reviewed to provide a clinical
context. The challenges for cartilage regeneration, along with potential
solutions and safety concerns are also discussed.
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1. Introduction

Hyaline articular cartilage (AC) covers the
ends of articulating bones and its unique
biomechanical characteristics reduce fric-
tion during bone movement by facilitating
adsorption of mechanical load. This com-
plex tissue is avascular, aneural, alym-
phatic, and is sparsely populated with
chondrocytes that procure nutrients from
the synovial fluid solely via diffusion. These
biological characteristics severely limit the
ability of AC to self-repair. Due to the
limited potential for self-repair, defects in
AC caused by acute trauma or as a
consequence of more chronic pathologies,
such as osteoarthritis (OA), osteonecrosis,
and osteochondritis dissecans, may lead to
gradual cartilage deterioration and loss.

The deterioration of AC has been
recognized since the time of Hippocrates[1]

and the clinical symptoms of pain, swell-
ing, and loss of function are well docu-
mented.[2] With an increasing aging
population, there is a high incidence of
AC disorders, and the physical, psycholog-
ical, and socio-economic burden to patients
and society is considerable.[3] Over the years, a number of
different surgical as well as non-surgical strategies have been
developed to treat the symptoms of articular joint deterioration,
but, to date, none have been able to show the long-term
restoration of innate joint function that patients require. The
inadequacy of current treatments has encouraged the prolifera-
tion of technologies that aim to regenerate the native cartilage
tissue.

The discipline of regenerative medicine is defined as a
scientific field that replaces or regenerates human cells, tissue,
or organs to restore or establish normal function.[4] Regenera-
tion of articular cartilage refers to the restoration of the articular
surface and mechanical integrity in order to improve function,
reduce pain, and prevent end-stage joint degeneration. Since
their inception, cartilage regenerative strategies have focused
primarily on the knee joint, but the ankle is also a suitable
target. The incidence of ankle injuries has been recorded at 107
fractures per 105 person-years[5] and up to 61% of fractures
damage the articular surface of the ankle.[6] Damage to the
articular cartilage surface results in a chondral lesion that, if left
untreated, can progress deeper and affect the underlying bone,
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contributing to the development of an osteochondral lesion.
The technical challenges of treating articular cartilage lesions in
the ankle joints compared to articular cartilage lesions in the
knee joints include the difficulty in accessing all areas of the
ankle joint, smaller size, and the lack of non-weight bearing
cartilage that can be utilized for regeneration strategies.

Chondrocytes have been used to treat AC lesions for the last
few decades using the technique of autologous chondrocyte
implantation (ACI).[7] The third generation of the technique
involves taking a cartilage biopsy, culture-expanding the
chondrocytes, seeding the chondrocytes onto a collagen type-
I/III scaffold, and subsequently implanting the cellularized
scaffold into the cartilage lesion (Figure 1). The technique has
been shown to have favorable long-term results when treating
cartilage lesions in the ankle[8] but a meta-analysis in 2012 found
insufficient evidence to support ACI over the simple and
inexpensive technique of bone marrow stimulation.[9] Further-
more, the two-step procedure of ACI doubles the surgical risk to
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Figure 1. An illustration of third-generation autologous chondrocyte
implantation for the repair of a chondral lesion in the ankle. 1) During the
first operation, a cartilage biopsy is taken from areas of damaged cartilage
within the ankle or from the ipsilateral knee. 2) Chondrocytes are isolated
from the biopsied cartilage via enzymatic digestion and cultured in 2-D
monolayer cultures. 3) Monolayer culture-expanded chondrocytes are
seeded on to a collagen types I–III membrane. 4) In the second operation,
the cartilage lesion is prepared and the collagen membrane is then cut to
size, placed in the lesion, and secured with fibrin glue.
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the patient, thus, chondrocytes may have to be harvested from
the uninjured ipsilateral knee and the problems of culture-
expanding the cells after harvest, namely cell senescence,[10]

dedifferentiation,[11] and cost, preclude universal adoption
across health organizations.[12] Due to the limitations associated
with the use of chondrocytes, stem cells have emerged as a viable
alternative for cartilage regenerative medicine strategies.

The strategies involved in cartilage regeneration can be
thought of as a triad.[13] Cells, including stem cells (mesenchy-
mal, embryonic, and induced pluripotent) and chondrocytes, are
a key element of regenerative medicine in addition to the two
other important elements; biomaterials for promoting cell
growth and construct stability, and stimulatory signals (biologi-
cal and mechanical) to enhance chondrogenesis (Figure 2). This
article will review the potential of mesenchymal stem cell (MSC)
populations for cartilage regeneration and outline the roles of
biomaterials and stimulatory signals in the cartilage regenerative
medicine triad. Furthermore, the surgical treatments for
osteochondral lesions of the ankle (OCLA) will be reviewed
succinctly to illustrate how the elements of the regenerative triad
are currently applied in clinical practice, followed by a discussion
of the current challenges for cartilage regeneration, potential
solutions, and safety concerns.
2. Stem Cell Populations for Cartilage
Regeneration

The regenerative potential of stem cells has been studied for over
50 years.[14,15]. Stem cells are characterized by two key features: i)
the ability for perpetual or prolonged self-renewal under
controlled conditions and ii) differentiation into multiple cell
lineages.[16,17] From the perspective of cartilage regenerative
medicine, human MSCs, induced pluripotent stem cells (iPSCs)
and embryonic stem cells (ESCs) are the primary stem cell
populations of interest.[18,19] Human ESCs and iPSCs have been
shown to promote cartilage repair in a murine model,[20,21]
Figure 2. The cartilage regeneration triad. Cells, biomaterials, and stimulatory
investigation for cartilage tissue engineering. Each element has multiple ave
aspects from each element in isolation or in combination.
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however, ethical concerns related to the harvesting of human
ESCs and the risk of teratoma formation could prove
unsurmountable hurdles to universal acceptance.[22]

MSCs have been reported to be sourced from several tissues,
including bone marrow, adipose tissue, synovium, muscle,
periosteum, and various connective tissues.[23,24] MSCs from
bone marrow stromal tissue, specifically referred to as skeletal
stem cells (SSCs),[25,26] have attracted much attention in
regenerative medicine given their potential to differentiate into
chondrocytes upon stimulation of chondrogenesis under appro-
priate culture conditions. The termSSCdefines, specifically, a self-
renewing stem cell that resides in postnatal bonemarrow and can
differentiate into cartilage, bone, hematopoiesis-supportive
stroma, andmarrow adipocytes.[25,26]However, it is acknowledged
that the term MSC, originally applied to a hypothetical common
progenitor of awide range of “mesenchymal” (non-hematopoietic,
non-epithelial, mesodermal) tissues, is commonly used in
published literature to refer to the bone marrow derived stem
cell populationandwill be retained in this review.For clarity, in this
review, the prefix b/s/a has been added to MSCs to specifically
denote the bone marrow stromal, synovial, and adipose tissue
origin of the MSC populations, respectively.

The role of MSCs in cartilage regenerative medicine
originates from the observation that bone marrow stromal cells
(BMSCs), isolated via the physicochemical property of tissue
culture plastic adherence, are able to differentiate into the
principal stromal lineages, including chondrocytes.[27] The
tissue culture plastic-adherent BMSC population is heteroge-
neous and comprises of bone marrow-derived MSCs (bMSCs)
and osteoprogenitor cells that display differences in their
differentiation capacity.[28] Established stem cell markers have,
therefore, been used to isolate discrete populations of MSCs
from bone marrow, synovial membranes and adipose tissues for
cartilage generation.[29–35] However, in the absence of a specific/
unique marker for MSCs, there is a lack of consensus in the field
regarding which MSC population exhibits superior chondro-
genic potential.
signals (biological andmechanical) are themain elements currently under
nues for research, with current cartilage regenerative strategies utilising
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The HSC70 antigen, recognized by the STRO-1 antibody,[36] is
an established marker for MSCs that is also expressed by human
articular chondrocytes,[37] however, STRO-1þ bMSCs exhibit
poor chondrogenesis when compared to patient-matched
human articular chondrocytes.[31] STRO-4þ bMSCs have
demonstrated promising in vitro chondrogenic potential, but
this observation has yet to be substantiated in vivo.[32] Human
cluster of differentiation (CD) 271þ bMSCs were shown to
exhibit superior chondrogenic potential in comparison to plastic
adherent BMSCs in a murine model.[29] Moreover, CD271þ

synovial-derived MSCs (sMSCs) demonstrated superior chon-
drogenesis in comparison to CD73þ and CD106þ sMSCs.[34]

CD105þ adipose-derived MSCs (aMSCs) exhibited robust
chondrogenesis in vitro,[35] however, a high level of CD29
expression in CD105þ bMSCs was shown to be crucial for
chondrogenic differentiation.[30] Positive expression of CD56
enhanced the clonogenic efficiency of CD271bright bMSCs and an
improved chondrogenic differentiation capacity was observed in
CD56þ/mesenchymal stem cell antigen-1þ bMSCs.[33]

A further challenge in the application of MSCs is related to
their frequency within the tissues of origin. The use of bMSCs
can be limited by their frequency within bonemarrow, which has
been reported to be as low as 0.001%.[38] aMSCs can be harvested
through lipoaspiration in greater numbers than bMSCs,[23]

however, aMSCs have been shown to exhibit a lower potential for
chondrogenesis.[23] Alternatively, sMSCs can be isolated in
greater numbers than bMSCS or aMSCs[23] during arthroscopic
surgery, which carries a low risk to the patient.[39] Moreover,
bMSCs undergoing chondrogenesis have a propensity for
hypertrophy/terminal differentiation and upregulation of hyper-
trophic markers, namely alkaline phosphatase and type X
collagen.[28,31] In contrast to bMSCs, sMSCs do not exhibit a
propensity for hypertrophy[40] and display high proliferative and
chondrogenic properties, which make these cells particularly
attractive for cartilage regeneration.[23]

The identity of a discrete MSC population with robust
chondrogenic potential and the ability to generate hyaline
cartilage analogous to native articular cartilage remains elusive
to-date. It is, therefore, crucial to undertake a comprehensive
characterization of the chondrogenic differentiation potential of
the diverse MSC populations frommultiple tissues, along with a
thorough assessment of their ability to generate hyaline cartilage
and propensity for hypertrophic differentiation.
3. Biomaterials for Cartilage Regenerative
Medicine Strategies

Biomaterials retain a promising future in regenerative medicine
as they offer significant key attributes: increased control of the
tissue microstructure in three dimensions that can be tailored to
mimic the native tissue, improved defect filling and the
generation of a more stable construct allowing for a shorter
postoperative recovery.[41] Over the last two decades, there has
been a rapid rise in the number of commercially available
biomaterial products. Biomaterials for cartilage regeneration are
grouped into three main categories: i) natural polymers, such as
alginate and collagen; ii) synthetic polymers, such as poly-lactic
acid and polyurethane; and iii) self-assembling peptides.[24,42]
Biotechnol. J. 2017, 12, 1700070 1700070 (4 of 10) © 2017 The
These biomaterials have been utilized to engineer different
scaffold architectures, such as sponges,[43] hydrogels,[44] and
fiber meshes.[45]

A challenge for engineering a scaffold capable of effective
chondro and osseointegration lies in the distinct properties of
AC compared to bone. AC has a naturally viscoelastic structure
and a different biological environment in comparison to stiff,
mineralized bone. Furthermore, the structure of the osteochon-
dral interface is also distinct. For the regeneration of
osteochondral defects, a biomaterial needs to encompass
properties which account for these differences and, therefore,
the ideal material should be: porous, bioactive, biocompatible,
biodegradable, biomimetic, flexible, elastic, osteoconductive,
non-cytotoxic, non-antigenic, and have a surface topography
which is conducive for cell adhesion, proliferation, and
differentiation.[41,46] Rapid advances in material engineering,
cellular biology, and bioengineering offer real opportunities for
the development of scaffolds which offer these properties[47,48]

and give surgeons the potential for an unprecedented toolkit for
treating OCLA.[49] What may become difficult in the future,
therefore, is not obtaining a biomaterial but deciding which
one to use.

There is extensive literature on the application of biomate-
rials in vitro, yet, reports of clinical data are only slowly
emerging and are typically in relation to the knee joint. The low
number of clinical studies may be due to lack of product
licensing. For example, despite the large numbers of synthetic
biomaterials available, currently only a few have been approved
for the European Medicines Agency (EMA) or United States
Food and Drug Association (FDA) licence (Table 1). As an
example, BST-Cargel1 is one product that has approval in
Europe and is currently undergoing clinical trials prior to
approval in the United States. BST-Cargel is a soluble polymer
scaffold made from chitosan, which is a prevalent glucosamine
polysaccharide originating from the exoskeleton of crustaceans.
A randomized controlled trial involving 88 knees compared
bone marrow stimulation alone with bone marrow stimulation
in combination with BST-CarGel.[50] Magnetic resonance
imaging (MRI) at 1 year showed statistically superior findings
in the BST-CarGel group compared to bone marrow stimulation
alone group. However, at this short follow-up period, no
difference was found in the clinical outcome between the two
groups. Despite their promise, the clinical findings of BST-
CarGel and other scaffolds such as collagen I/III matrices[51,52]

and Maioregen1[48,53] are unreliable. Therefore, more bio-
materials will need to be licensed and clinically examined
before the evidence-base is sufficient to support their
mainstream adoption.
4. Stimulatory Signals for Chondrogenesis

4.1. Biological Stimuli

Normal cartilage homeostasis is controlled by transcription
factors, cytokines, growth factors, and other environmental
cues.[41] For cartilage regeneration, a number of key candidates
have been identified, including the sex-determining region
Y-type high mobility group box (SOX) transcription factor trio
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Table 1. Products used in cartilage tissue engineering that have either European Medicines Agency (EMA) or Food and Drug Administration
(FDA) approval.

Trade name Marketing company Product components Regenerative triad elements Approval authority Date of approval

Polyethylene glycol (PEG) Scaffold FDA Pre 2010

Polylactic acid (PLA) Scaffold FDA Pre 2010

Polylactide-glycolic acid (PLGA) Scaffold FDA Pre 2010

Carticel1 Vericel Autologous chondrocytes Cells FDA Pre 2010

SaluCartilageTM Salumedica Poly-vinyl alcohol (PVA) hydrogel Scaffold EMA, FDA Pre 2010

CaReS1 Arthrokinetics Autologous chondrocytes and type 1 collagen Cells and scaffold EMA Pre 2010

MACI1 Vericel Autologous chondrocytes and porcine collagen Cells and scaffold FDA Post 2010

BST-Cargel1 Smith & Nephew Chitosan polysaccharide Liquid scaffold EMA Post 2010

GelrinC Reagentis Biomaterials Polyethylene glycol diacrylate (PEG-DA) and

denatured fibrinogen, crosslinked with UVA light

Scaffold EMA Post 2010

Agili-CTM CartiHeal Aragonite and hyaluronic acid Biphasic scaffold EMA Post 2010
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of 5, 6, and 9,[54] transforming growth factor beta (TGF-β), and
bone morphogenetic protein 2 (BMP-2).[55] MSCs can be
exposed to the stimulatory factors individually or synergistically
to induce and promote chondrogenesis. Chim et al. have shown
in a murine model that stromal-cell-derived factor 1-alpha can
be combined with TGF-β1 or BMP-2 to enhance cartilage
repair.[55] Furthermore, TGF-β1 and BMP-2 have been loaded
on to a bilaminar scaffold to promote cartilage repair in a lapine
model.[56] Parathyroid hormone-related protein (PTHrP) was
identified as a key factor for chondrogenesis and the
minimization of hypertrophy when bMSCs were co-cultured
with human articular chondrocytes.[57] The application of
PTHrP, specifically isoform 1-34, has, therefore, been advo-
cated to suppress chondrocyte hypertrophy and enhance
chondrogenesis.[58]

In addition to responding to exogenous stimulatory factors,
MSC can secrete biologically active molecules that have a
paracrine effect on other cells.[59] The paracrine effects can be
categorized as trophic (supportive, anti-apoptotic, and angio-
genic), immunomodulatory, anti-scarring and chemoattrac-
tant, and are being increasingly recognized as vital to the
success of MSC regeneration.[60] Exosomes have been
identified as the primary vehicle for MSC paracrine secre-
tion[61] and, promisingly, weekly intra-articular injections of
human embryonic MSC-derived exosomes have been shown
to enhance the repair of osteochondral defects in rats.[62]

Further research is required to validate the potency of
exosomes in a large animal model and the clinic, which
could lead to the development an “off-the-shelf” product that
has the advantage of being cell-free.

The genetic modification of MSCs using viral or non-viral
vectorshas also emergedasapotential technique for chondrogenic
enhancement.[63] MSCs transfected with BMP-2 and SOX-9 have
been reported to promote chondrogenesis inmurinemodels.[64,65]

Additionally, the genetic manipulation of microRNAs in human
MSCs has been shown to promote chondrogenesis.[66] Strategies
using genetically manipulated cells offer significant potential,
however, a future challenge will be to ensure an appropriate safety
profile while still preserving clinical efficacy.[63]
Biotechnol. J. 2017, 12, 1700070 1700070 (5 of 10) © 2017 The
4.2. Mechanical Stimuli

Articular cartilage is highly sensitive to its mechanical
environment. Mechanical stimulation, therefore, is one of the
most important physical cues for improving the biomechanical
properties of tissue-engineered cartilage. Mechanical stimula-
tion can be applied through dynamic compression and shear
forces, which when combined, have been shown to promote
chondrogenic gene expression in human MSCs seeded on to a
polyurethane scaffold.[67] The biological response of MSCs to the
stiffness of the extracellular matrix, or a biomaterial, is an
important determining factor for chondrogenesis. Lower
substrate stiffness has been shown to promote the expression
of chondrogenic genes, namely SOX9, ACAN, COMP, and
COL2.[68] Chondrogenic markers were also found to be increased
on softer substrates in the presence of TGF-β.[69] Additionally,
pulsed electromagnetic fields have been reported to promote
chondrogenesis in sheep[70] and a randomized controlled trial of
30 patients using pulsed electromagnetic fields and bMSCs to
repair OCLA showed a superior clinical outcome in the trial
group over the control group at 12 months’ follow-up.[71]

It is widely recognized that 3-D cell culture promotes
chondrogenesis,[72] however, 3-D culture under static conditions
does not promote robust cartilage generation due to the mass
transport limitations for oxygen, nutrients, and metabolites.[73]

Bioreactors are dynamic systems that can apply mechanical
loading regimens to cells or cell-seeded biomaterial constructs
and are able to replicate the natural physiological cellular
environment to promote robust cartilage formation. Several
types of bioreactors have been shown to promote chondro-
genesis, including mixing flasks,[74] rotatory flasks,[75] perfusion
bioreactors,[76] and acoustofluidic perfusion chambers.[77] A
microfluidic, dual chamber bioreactor with separate chondro-
genic and osteogenic microenvironments was fabricated to
investigate the physiology of human bone marrow stem cell-
derived osteochondral tissue constructs, elucidate the pathogen-
esis of OA and model tissue responses to potential disease-
modifying OA drugs.[78] To date, the clinical application of
stimulatory signals remains at an early stage due to incomplete
Authors. Biotechnology Journal Published by Wiley-VCHVerlag GmbH & Co. KGaA
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understanding of themechanisms at play. Thus, further research
is needed to improve our understanding of the role of
stimulatory signals in AC regeneration.
5. Current Surgical Regenerative Strategies for
the Treatment of OCLA

A large number of in vitro and in vivo animal studies have been
undertaken to identify promising avenues for cartilage regener-
ation. However, a key test for laboratory-based research is the
ability to progress from the bench to the clinic and, despite the
progress made using in vivo animal models,[79,80] the use of
human allogenicMSC populations for cartilage regeneration has
only just started.[81] Outlined below are the current surgical
treatments for OCLA that employ autologous BMSC and MSC
populations with or without the inclusion of biomaterials or
stimulatory signals.
5.1. Bone Marrow Stimulation

Even though specific MSC sub/populations have yet to enter
mainstream clinical trials, unselected BMSCs have been applied
for cartilage regeneration since the 1950s and form the basis of
many current surgical treatments. In a technique known as bone
marrow stimulation (BMS), BMSCs are delivered into AC
defects by accessing the medullary cavity of the long bones. This
is a cost-effective and relatively simple procedure, achieved by
either drilling through the subchondral bone into the medullary
Figure 3. An illustration of the microfracture technique for the treatment o
prepared by debriding the damaged cartilage. 2) The calcified cartilage from
subchondral bone are made every 3–4mm using ametal pick. 4) The perforati
a coagulate, which leads to the formation of fibrocartilage.
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cavity, known as Pridie drilling,[82] or forcing a metal pick
through the subchondral bone, known as microfracture[83]

(Figure 3). Once the subchondral bone is breached, bonemarrow
components enter the joint and a coagulate forms within the
chondral defect. The coagulate contains progenitor cells, BMSCs
and the extracellular components required for healing, leading to
the formation of fibrocartilage instead of hyaline cartilage, which
is the main limitation in bone marrow stimulation. Fibrocar-
tilage consists predominately of type I collagen as opposed to the
hyaline cartilage-specific type II collagen and, therefore, has
inferior biomechanical properties compared to native AC.[84]

Due to its inferior structure, fibrocartilage has been found to
breakdown quickly leading to fibrillation and deterioration after
only a few years.[85]

Due to the vulnerability of fibrocartilage, there is conflicting
evidence in the literature on the role of BMS in the repair of
OCLA.[86,87] Age, duration of symptoms, and a traumatic
aetiology have not been found to influence outcome[88] but
superior results seem to be associated with smaller lesions.[89]

Therefore, BMS is considered a suitable primary treatment for
OCLA that are less than 150mm2.[90]
5.2. Autologous Matrix-Induced Chondrogenesis

In a bid to overcome the shortcomings of BMS, the technique of
releasing BMSCs into a chondral defect can be combined with a
biomaterial. An osteochondral lesion is prepared in a similar
manner to BMS, and if a subchondral cyst is present, the bone
defect can be filled with cancellous bone from the iliac crest, a
f osteochondral lesion of the ankle. 1) A full-thickness cartilage lesion is
the base of the lesion is removed using a curette. 3) Perforations in the
ons allow bonemarrow components to enter the chondral defect and form
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recognized, viable source of BMSCs.[91] Once the lesion has
been prepared, the biomaterial is cut to size using a template
and glued into the defect using fibrin. After the operation, a
coagulate forms within the biomaterial leading to chondro-
genesis. Two biomaterials used in recent publications are a
solid, acellular collagen I/III matrix of porcine origin[51,51] and
MaioRegen1, a solid collagen I and magnesium-hydroxyapatite
matrix.[48,53] The matrices are bilaminar and trilaminar,
respectively, consisting of a compact upper construct that
contains the blood coagulate within the defect and a porous
lower side composed of loose collagen fibers to support
chondrogenesis and osteogenesis.

A clear advantage of autologous matrix-induced chondro-
genesis is its one-step and “off-the-shelf” nature. Nevertheless,
the short-term clinical results for treating OCLA have been poor,
with short-term follow-up showing inconsistent tissue regener-
ation, hypertrophic cartilage, and high treatment failure
rates.[48,51,53] As early results are not encouraging, it remains
too early to confirm if this method of integrating biomaterials
with BMSCs will become truly validated.
5.3. Bone Marrow Aspirate Concentrate

Bone marrow aspirate concentrate (BMAC) is a technique that
utilizes the plasma and bone marrow mononuclear cells from
freshly aspirated bone marrow without the granulocyte or
anuclear, erythrocyte fractions. The technique involves aspirat-
ing 60 milliliters of bone marrow from the anterior or posterior
iliac spines. After aspiration, the mononuclear cells are isolated
in the operating theater via differential centrifugation. Given
there is no further attempt to isolate a homogenous population
of bMSCs from themononuclear cells, the theoretical grounding
for this technique is poor as the fraction of bMSCs isolated via
this method may be as low as 0.01–0.001%.[38]

BMAC has been used in combination with a variety of
different biomaterials for treating OCLA but results have been
mixed.[92,93] A systematic review of 184 patients from four
studies found a significant improvement in the post-operative
clinical scores at a mean of 2.86 years’ follow-up.[94] However,
MRI findings at four years’ follow-up revealed incomplete defect
filling in 55% of patients.[93] The inconsistent results and scarcity
of evidence for this technique mean that definitive conclusions
cannot currently be drawn.
5.4. Bone Marrow Stimulation Adjuncts

An adjunct to BMS is the use of platelet-rich plasma (PRP) or,
the second-generation platelet concentrate, platelet-rich fibrin
(PRF).[95] Platelets are concentrated approximately fivefold and
the increased platelet count delivers a higher than normal
concentration of growth factors, such as platelet-derived
growth factor and vascular endothelial growth factor, to the
area of treatment.[96] In theory, the growth factors are then able
to increase the stimulation of the BMSCs to enhance
chondrogenesis.[97] The platelet concentrate may be used in
conjunction with a biomaterial and BMAC[93] or injected
postoperatively.[98]
Biotechnol. J. 2017, 12, 1700070 1700070 (7 of 10) © 2017 The
Only a few studies have been published evaluating the role of
PRP in the treatment of OCLA and a systematic review,
including 268 patients in seven studies, advised caution over its
use.[99] A prospective trial with short follow-up has shown that
hyaluronic acid is a potential alternative BMS adjunct[100] but
further conclusive evidence is lacking.
5.5. Mesenchymal Stem Cell Injection

The intra-articular injection of MSCs is an emerging technique
with the theoretical grounding based on the trophic, homing and
immunomodulatory properties of MSCs.[101] To date, only a few
studies have been published relating to OCLA and all are from
the same team in South Korea.[102–104] The authors harvested
autologous aMSCs from gluteal fat the day before surgery and
then injected the aMSCs after BMS surgery to treat OCLA. At a
maximum of 2.3 years’ follow-up, significant clinical outcomes
were achieved in the aMSC injection group compared to the
control group. However, despite these promising results, one of
the studies reported several complications at the follow-up
arthroscopy of 62 ankles.[104] 98% of the ankles required a
debridement, 60% required a synovectomy, and 52% required
removal of intraarticular adhesions. Despite positive short-term
clinical results, clearly, further research from other groups is
required to validate this treatment in the future.
6. Current Challenges and Potential Solutions

Although considerable progress has been made in the field of
cartilage regeneration, there are many challenges that need to be
addressed. Cell-based strategies are hindered by a lack of
consensus within the field regarding the most suitable cell
source for cartilage regeneration. Issues regarding donor-to-
donor variability, MSC heterogenicity, the propensity of bMSC-
derived chondrocytes for hypertrophic differentiation, and
dedifferentiation of chondrocytes in monolayer cultures need
to be resolved. Moreover, cell potency and viability need to be
maintained throughout the multistage clinical application
process.

A possible solution to overcome some of these challenges is
through the identification of the, as yet, elusive population of
MSCs characterised by robust chondrogenic potential, combined
with the application of improved chemical and temporal
differentiation protocols that support reliable chondrogenesis
in the cell population of choice. The identification of a consistent
cell source, through hybrid co-culture, ESCs, iPSCs, or allogenic
MSCs, could minimize variability and heterogenicity, and
facilitate the development of simplified one-step surgical
techniques. Furthermore, bioengineering technologies that
provide enhanced structural support as well as mechanical
and biological stimulation to the cells or developing cartilage
tissue are likely to be crucial for future strategies and facilitate
the manufacture of “off-the-shelf” products.

Native AC has a complex functional stratification, with each
zone exhibiting different properties and performing different
physiological roles. To date, cartilage regeneration strategies
attempting to replicate the zonal structure of native AC have
Authors. Biotechnology Journal Published by Wiley-VCHVerlag GmbH & Co. KGaA
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achieved limited success. Approaches for recapitulating the
stratified zonal architecture of native AC and its important
physiological characteristics, such as superficial zone protein/
lubricin secretion, include utilisation of zone-specific chondro-
cytes and MSCs derived from the synovium and infrapatellar fat
pad.[105–107]

Moreover, as each element of the regenerative triad is
optimized, the process of combining the three elements will also
need optimization. 3-D bioprinting offers the potential to
combine the three elements of the regenerative triad during the
manufacturing process, as opposed to each element being
applied individually. The technique involves printing layer-by-
layer, not only a biomaterial but also all the appropriate biological
constituents, including the living cells and proteins required for
tissue regeneration.[108] The particular advantage of this
approach is that the distribution of cells and stimulatory signals
within the 3-D bioprinted material can be precisely controlled
resulting in a more homogenous construct.[109] Additionally, the
digital nature of the process allows patient-specific tissue
constructs and treatments to be created from clinical diagnostic
images.[110] The rapidly expanding 3-D bioprinting technology
has been applied to print human chondrocytes for repairing
defects in osteochondral plugs in vitro.[111]
7. Safety

The emerging field of regenerative medicine has many
unknowns relating to the safe use of MSC populations and
biological adjuncts. There is some evidence that MSCs are
immunoprivileged, immunosuppressive, and do not induce
tumor development,[112,113] and commercially available porcine
collagen matrices have been shown to be safe and benefi-
cial.[51,114] Furthermore, to date, there have been no published
reports of tumor formation in patients where chondrocytes or
MSCs have been used. However, the apparent low complication
rate associated with regenerative medicine agents may lead to a
false sense of security and caution should be maintained for all
new products. For instance, Hyalograft C, a biomaterial used in
autologous chondrocyte implantation, has recently been with-
drawn from the European market due to safety concerns over its
manufacture.[115]

In the face of current clinical evidence, although limited, stem
cell treatment appears to be promising and safe. To date, two
groups have published systematic reviews that analyzed the
safety of stem cell treatments in patients with a range of
orthopaedic and medically-related diseases.[116,117] The authors
looked at a wide range of adverse events including infection,
malignancy, and death but only found a significant correlation
between stem cell treatment and transient fever, increased joint
pain, and swelling. Despite this favorable finding, there remains
an urgent need for an improved safety and clinical evidence base.
8. Conclusions

Although regenerative medicine has progressed a long way from
its inception over 40 years ago, cartilage regeneration remains a
challenge due to a continued lack of consensus in the field
regarding the most effective clinical application utilizing cells,
Biotechnol. J. 2017, 12, 1700070 1700070 (8 of 10) © 2017 The
biomaterials, and stimulatory signals. Novel techniques and
commercially available products will undoubtedly become part
of the mainstream treatment for OCLA in the imminent future,
but, in comparison to the knee, regenerative strategies in the
ankle are relatively new and lack randomized control trials to
validate treatment efficacy. Furthermore, as of September 2017,
there are only seven active clinical trials registered on the website
clinicaltrials.org relating to OCLA. This is a cause for concern
and may reflect the difficulty in transferring pre-clinical success
to clinical trials.

Moreover,whilst continual advancement is good for thepatient,
this can be hard for the surgeon. With no technique showing
significantly better results, it can be confusing for the surgeon to
decide which technique should be used for each clinical problem.
Treatment algorithms for OCLA[118] can help crystallize possible
treatment pathways, however, until there are convincing evidence-
based treatments, surgeons will remain in the dark about which is
the best and most cost-effective way of using MSC populations
and/or chondrocytes to treat their patients.
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