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Abstract

Cartilage disorders, including focal cartilage lesions, are
among the most common clinical problems in orthopedic
practice. Left untreated, large focal lesions may result in
progression to osteoarthritis, with tremendous impact
on the quality of life of affected individuals. Current
management strategies have shown only a modest
degree of success, while several upcoming interventions
signify better outcomes in the future. Among these, stem
cell therapies have been suggested as a promising new
era for cartilage disorders. Certain characteristics of the
stem cells, such as their potential to differentiate but also
to support healing made them a fruitful candidate for
lesions in cartilage, a tissue with poor healing capacity.
The aim of this editorial is to provide an update on the
recent advancements in the field of stem cell therapy for
the management of focal cartilage defects. Our goal is
to present recent basic science advances and to present
the potential of the use of stem cells in novel clinical
interventions towards enhancement of the treatment
armamentarium for cartilage lesions. Furthermore,
we highlight some thoughts for the future of cartilage
regeneration and repair and to explore future perspectives
for the next steps in the field.

Key words: Stem cell; Cartilage; Chondral defect;
Management; Bone marrow; Mesenchymal stem cells;
Adipose

© The Author(s) 2017. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: An increasing interest in stem cell application
for cartilage defect repair is recently expressed, as
a consequence of advancements demonstrating the
critical function of mesenchymal stem cells as a potential
alternative cell source for cartilage repair, as well as of
recent clinical data exhibiting the effectiveness of these
management strategies. Future research will determine
the role of combining stem cells, primary chondrocytes,
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and signaling molecules towards cartilage regeneration.

Paschos NK, Sennett ML. Update on mesenchymal stem cell
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full/v8/i12/853.htm DOI: http://dx.doi.org/10.5312/wjo.v8.112.853

INTRODUCTION

Cartilage lesions are among the most often recognized
pathologies in young adults undergoing arthroscopy.
Approximately 60% of the patients treated arthro-
scopically for any reason had at least one chondral lesion
at their knee'™. Due to the relatively young age of these
patients (mean age ranged from 37 to 43 years old) and
because the majority of lesions has been graded as 1 or
I, it was suggested that impending osteoarthritis would
be inevitable without treatment in these patients!'..

Effective management of these lesions can be
extremely challenging, thus, creating a burden for both
patients and physicians. With conservative treatment
being unsuccessful, several surgical interventions have
been proposed for focal cartilage lesions, including
microfracture, autologous chondrocyte implantation [with
either periosteum (ACI) or matrix-assisted (MACI)],
osteochondral autograft or allograft transplantation,
and particulated autologous or allogeneic articular
cartilage™®™. Despite the plethora of available techniques,
the effectiveness of these in terms of preventing or
delaying the development of osteoarthritis is que-
stionable.

In the armamentarium against cartilage defects,
stem cell-based interventions have gradually taken a
more prominent role. As shown in Figure 1, there is an
exponential growth in the number of published studies
that deal with stem cell use in cartilage disorders (Figure
1). Mesenchymal stem cells (MSCs) are multipotent cells
that have been isolated from a variety of tissue types,
including bone marrow, synovium, and adipose tissue®”.
MSCs have been observed to undergo differentiation
down osteogenic, chondrogenic, myogenic, and teno-
genic lineages, making them of great importance to the
orthopedic and tissue engineering communities.

The regenerative potential of marrow-derived
elements was determined in the 1960, long before the
discovery of MSCs, with the observation that superficial
chondral defects exhibit limited healing potential, while
defects penetrating the subchondral plate result in
fibrocartilaginous ingrowth™, This observation ultimately
led to the development of marrow stimulating techniques
for chondral repair such as microfracture™. Penetrating
the subchondral bone allows bleeding, and formation of
a dot containing MSCs and various other bone marrow
elements to form. While this technique has been shown
to produce improved patient-reported outcomes at short
time-points, the repair tissue is fibrocartilaginous in
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nature, and exhibits poor mechanical properties when
compared to native cartilage. At longer time-points,
this tissue may become fibrillated and require further
management.

The premise behind the use of MSCs for cartilage
repair was supported on two characteristics of the stem
cells. These multipotent cells, under the appropriate
environmental conditions, could differentiate into chon-
drocytes and repair the chondral defect™. Differentiation
of both adipose-derived and bone marrow MSCs towards
chondrocytes can be enhanced with the use of growth
factors!'**?, Thus, the ideal perspective would be to
promote MSC differentiation towards chondrocytes and
to utilize the healing response with new chondrocyte-like
cells.

Another equally important ability has been revealed
for MSCs, i.e., their capacity to actively interact with
primary cells and extracellular matrix via continuous
feedback mechanisms™™®, As a consequence, stem cells
could act as advocators of the existing chondrocytes via
their anti-inflammatory and immunomodulatory effect.
In addition, this interaction can formulate an appropriate
response towards differentiation, proliferation or secretion
of supportive molecules that allows stem cells to be
actively engaged in the cartilage healing response™®.

MSC transplantation is a technique that offers several
potential benefits over other cartilage repair methods.
MSCs may be isolated from adipose tissue, which is much
less invasive than the harvest of chondrocytes for ACI.
MSCs are also phenotypically stable during cell culture
expansion, while chondrocytes undergo dedifferentiation.
Furthermore, MSCs may be isolated in greater quantities
than chondrocytes, allowing for the possibility of single-
step procedures, which could decrease economic burden
for the patient. Currently, clinical studies involving MSC
transplantation are limited.

The aim of this editorial is to summarize the recent
work in basic science and clinical interventions in an
attempt to provide an update on the recent advances
in stem cell treatment options for cartilage disorders.
Furthermore, some thoughts for the future of cartilage
regeneration and repair via stem cell application will be
discussed. Due to the plethora of studies in the literature,
the main focus of this study would be on clinical
interventions for focal cartilage defects.

BONE MARROW DERIVED MSCs

Update on basic science

A better understanding of the pathogenetic phenomena
that initiate the process of cartilage degeneration is of
paramount importance, as this would allow the form-
ulation of therapeutic approaches that aim to prevent
osteoarthritis at its infancy. TGF-betal is proven to be a
key factor for cartilage homeostasis, and its function is
utilized in tissue engineering for chondrocyte proliferation
and enhancement of functional properties’™®. Recently,
an interesting aspect of the role of transforming growth
factor-beta (TGF-beta) in osteoarthritis has been
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Figure 1 An increasing number of studies about stem cell use in cartilage
disorders is published, especially in the last decade.

proposed. Specifically, it was found that mechanical load
increases in ACL-deficient knees result in recruitment of
additional osteoclasts at the subchondral bone. This leads
to activation of TGF-betal that assists in recruitment of
MSCs that causes atypical subchondral bone formation,
a potential initial step in the osteoarthritic pathogenetic
cascade™®,

Cell to cell and cell to extracellular matrix interactions
are important in the mechanical environment of the joint
for suitable response to injury or degeneration. Stem
cells appear to play a major role in these interactions
with numerous applications in both therapeutic strategies
but also in the design of tissue-engineered scaffolds.
A recent study demonstrated that interactions of
N-cadherin in MSCs could modify the perception of the
mechanical properties of the microenvironment, and
thus, generate corresponding response of stem cells
towards proliferation and differentiation!”’. Furthermore,
mechanical stimuli including tension stimulation can
result in significant improvement of the functional
properties of tissue-engineered human cartilage that
could be used for replacing chondral defects!*®,

Update on clinical studies

The initial reports for the use of autologous bone marrow-
derived MSCs for focal cartilage defects used marrow
obtained from the iliac crest and, via a subsequent
surgery using an open approach, the stem cells were
injected into the defect with a periosteal cover sutured
on top of the lesion. In the first study, two patients with
patellar cartilage defects underwent treatment with MSCs.
Significant improvement in pain and functional outcome
was maintained for at least 4 years after surgery™. In a
case report involving a patient with a defect of the medial
femoral condyle, autologous transplantation of bone
marrow derived MSCs was also associated with improved
outcome. Second-look arthroscopy revealed full coverage
of the lesion 7 mo after surgery with hyaline-like cartilage
as well as significant improvement in clinical symptoms.
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However, MRI showed irregularities of the repair tissue'®”.,

The favorable outcome of autologous bone-marrow
derived MSCs for cartilage defects at the patellofemoral
joint was confirmed by another report of three cases
demonstrating clinical improvement in kissing lesions
which are usually more challenging to treat'"’.

In recent years, as arthroscopic techniques have
evolved, all-inside arthroscopic techniques for cartilage
repair using MSCs developed with favorable outcome.
In a case report, after microfracture, a collagen mem-
brane that was immersed in bone marrow derived
MSCs were secured with fibrin glue. MRI imaging at
12 mo demonstrated filling of the cartilage defect,
while the patient remained asymptomatic until at
least 24 mo'®?. In addition, single stage arthroscopic
techniques were also described. In a prospective study,
30 patients with cartilage defects at the knee joint
were treated using a combination of microfracture and
subsequent application of a mixture gel containing
bone marrow aspirated cells, hyaluronic acid (HA), and
fibrin. A significant improvement was recorded with
an improvement in Lysholm score from 50.8 to 80.1
and subjective IKDC from 39 to 83 preoperatively and
postoperatively, respectively™. An analogous technique
where bone marrow-derived cells were mixed with
collagen powder or HA membrane and platelet gel
was used for osteochondral defects of the talus®®. In
these patients, a significant improvement in the AOFAS
score was recorded with an increase from 64.4 to
91.4, preoperatively to postoperatively, respectively®®",
Furthermore, using bone marrow cells aspirated from
the iliac crest, isolated via centrifugation and embedded
in @ HA membrane, 20 patients with chondral defects
at their knee experienced significant improvement in
pain and function®®. Both MRI and histological analysis
confirmed the presence of regenerated cartilaginous
tissue™. Nine patients with focal cartilage defects were
treated with microfracture supplemented with coverage
of a polyglycolic acid/hyaluronan matrix membrane with
autologous bone marrow concentrate cells. A significant
improvement in IKDC, Lysholm and Tegner scores was
reported at 22 mo follow up®®, The recent advancements
in the field have allowed for the successful combination
of autologous stem cells with therapeutic interventions
already employed in cartilage repair.

When evaluating studies that compared outcomes with
or without stem cell augmentation, promising findings are
reported. The first attempt to compare clinical outcome
between patients treated with autologous chondrocyte
implantation and patients treated with autologous bone
marrow-derived MSCs, showed that bone marrow MSCs
could be equally effective as chondrocytes for focal
cartilage lesions. Indeed, both groups demonstrated
significant improvement postoperatively with no statistical
difference between the groups in Lysholm IKDC and
Tegner activity scores””. In a comparative study for
patellofemoral chondral lesions, 18 patients were treated
with bone marrow cells embedded in a biodegradable HA-
based scaffold while 19 patients were treated with matrix-
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induced autologous chondrocyte implantation (MACI).
At 2 year follow up, both groups showed a significant
improvement in clinical outcome and pain scores, but
bone marrow aspirate concentrate treated patients had
significantly better subjective IKDC score™. In another
study that combined therapeutic approaches, two different
techniques using marrow derived MSCs were compared.
One combined microfracture with subsequent injection
of MSCs with HA. In the other group, MSCs were seeded
in a periosteal patch that was sutured over the cartilage
defect. Both groups showed improvement postoperatively
with a trend towards better outcome for the MSC/HA
group®!. Combination of intra-articular injections of
autologous bone marrow-derived MSCs and HA 3 wk
after microfracture and medial opening-wedge high
tibial osteotomy in 28 patients resulted in approximately
7.6 added improvement for IKDC and Lysholm scores
compared to HA injections alone. In this randomized
controlled trial an improvement in Magnetic Resonance
Observation of Cartilage Repair Tissue (MOCART) score
at 1 year was also seen®”, Further improvement in the
current armamentarium against cartilage defects has
leads to technical adaptations that explore the potential
use of autologous MSCs instead of primary chondrocytes.
The above findings suggest that the use of MSCs result in
analogous - if not better - outcomes.

Several carriers have also been successfully used
recently for autologous MSCs. In a case series, platelet
rich fibrin glue was successfully used as a cell carrier
for autologous bone marrow derived MSCs that were
subsequently sutured with a periosteal flap. All five
patients experienced improvement in clinical scores,
while second look arthroscopy performed in two patients
demonstrated good integration and healing of the repair
area®', A type I collagen scaffold was used as a carrier
for autologous MSCs in two patients with periosteal graft
sutured on top. Both KOOS and IKDC score improved
significantly postoperatively at 30 mo follow up™?.
In a pilot clinical study application of a poly-ethylene
glycol diacrylate (PEGDA) hydrogel biomaterial after
microfracture in 15 patients was compared with the
outcome of microfracture alone in three patients. It was
suggested that pain was improved in the biomaterial
group, however, additional data are necessary before
making safe conclusions"”.

Finally, a recent randomized trial used allogeneic
MSCs for patients with osteoarthritis. It was suggested
that allogeneic bone marrow MScs resulted in impro-
vement in pain, quality of life and cartilage quality as
evaluated by MRI compared to HA®". Based on these
promising data, use of allogeneic bone marrow MSCs
may be a viable solution for focal cartilage lesions in
some patients.

ADIPOSE AND SYNOVIAL DERIVED
STEM CELLS

Update on basic science
Since their identification as a potential source of cartilage
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matrix molecules, adipose derived MSCs (ADSCs) have
become a valuable source in several models for cartilage
regeneration”’*!. A primary advantage of ADSCs is their
abundance and the relative ease of obtaining cells from
the patient™**®1, Another advantage of ADSCs is that they
have been demonstrated to have a prominent chondro-
inductive effect. As shown in an in vitro co-culture model,
the combination of articular chondrocytes with ADSCs
resulted in a two-fold increase in GAG content and
increased collagen II gene expression®”.

Expression of pro-chondrogenic genes in ADSCs via
adenovirus-mediated gene transfer of TGF beta2 could
lead to ectopic neocartilage formation, while recently
a combined expression of IGF-1 and FGF-2 in ADSCs
demonstrated a synergistic effect towards enhanced
chondrogenic differentiation™®**!, Towards this direction,
poly lactic-co-glycolic acid) (PLGA) nanoparticles that
deliver a specific plasmid of bone morphogenetic protein
4 (BMP-4) into rabbit ADSCs significantly enhanced
chondrogenesis and appear to benefit cartilage repair in
vivo“?,

Concerns about the degree of stemness of ADSCs
have been raised since ADSCs demonstrate an inferior
chondrogenic potential when compared to BMSCs™*"!,
Indeed, ADSCs may need specific conditions to chondro-
differentiate and this process may require a prior step of
pre-differentiation’”. However, the immunosuppressive
effect and the chondroprotective role of ADSCs should
not be underestimated. In a mice model of osteoarthritis
injection of ADSCs resulted in inhibition of cartilage
destruction and synovial thickening™. Similarly, in a
rabbit model, intra-articular injections of ADSCs dela-
yed the progression of osteoarthritis and meniscus
damage via inhibition of metalloproteinase and TNFa
expression™¥, In one study performed in a rat OA
model, fluorescein-labeled ADSCs were injected into
an arthritic knee joint and were detectable via non-
invasive bioluminescence imaging for up to 10 wk post-
injection. Histological analysis confirmed that injected
cells were present and proliferating in synovial, meniscal,
and articular cartilage tissues. Furthermore, ADSC-
treated rats showed a significantly increased O’Driscoll
histological score, suggesting a chondro-protective
or regenerative effect from these cells'**. Additional
research is needed to better understand the protective or
reparative mechanism of ADSCs. Recently, a similar role
in chondroprotection has been demonstrated for synovial
derived MSCs™*®,

Update on clinical studies

Interest in ADSCs increased considerably after a case
series reported that patients that received intra-articular
injection of ADSCs had reduced pain and improved
knee function*¥, In humans, ADSCs have been used
in intra-articular injections since 2011. To date, eleven
studies have been recorded. ADSCs have been isolated
either from the abdominal area, buttocks, or infrapatellar
fat pad. In all studies, ADSC injection showed im-
proved clinical outcome in terms of reduced pain and
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improvement in functional scores. Data obtained from
MRI at 6 mo showed promising data suggesting cartilage
regeneration”). Also, macroscopic appearance from
second-look arthroscopy showed hyaline-like cartilage
with smooth surface!”. Finally, histology in a specimen
obtained also confirmed characteristics of hyaline
cartilage. Unfortunately, there are some disadvantages
in these clinical studies. First, most are case reports
without a control group. Another limitation is the fact
that in most cases an additional therapeutic intervention
was simultaneously performed™®”. High-level of evidence
studies are necessary in order to confirm the promising
results of the clinical cases described.

In a randomized single blinded study evaluating
only 14 patients synovial mesenchymal cells were used
in a matrix collagen membrane and were compared
with matrix autologous chondrocyte implantation™.
Functional outcomes were similar between the two
groups, while mesenchymal cells were reported to have
better outcome in certain outcomes, such as KOOS
score™”.

Synovial MSCs, cultured in autologous human
serum, arthroscopically implanted in 10 patients with
single cartilage defect showed promising results®".
Specifically, synovial cells were harvested and were
cultured in autologous human serum™'. At 3-year
follow up, improved MRI features and Lysholm score
were reported, however no benefit was seen in Tegner
activity level™",

Another type of stem cells used in clinical studies is
the autologous peripheral blood progenitor cells (PBPCs).
Specifically, one week after arthroscopic drilling of a
cartilage defect, 8 mL of PBPCs were injected at the
knee together with 2 mL of HA®?. Articular cartilage
biopsies in five patients showed the presence of
hyaline cartilage™. Clinical outcomes from the same
group have been reported in a randomized study that
compared the outcomes in patients that underwent
subchondral drilling and subsequent HA injections with
and without PBPCs™. It was shown that the presence
of PBPCs did not result in better clinical outcome (IKDC
scores of 74.8 vs 71.1 for PBPC and no PBPC group,
respectively). However, PBPC group exhibited better
histologic and MRI scores compared to control®®?,

OTHER TYPES OF STEM CELLS

Other types of stem cells have been proposed as
potential candidates for cartilage repair treatment. In
a recent animal model, weekly injections of embryonic
MSC-derived exosomes demonstrated restoration
of osteochondral defects and presence of hyaline
cartilage®. Chondrocytes have also been demonstrated
to adopt stem cell-like characteristics when cultured
under specific biochemical and mechanical conditions®.
In this study, dedifferentiated chondrocytes were found
to be highly proliferative and chondrogenic, making
them an attractive source for cartilage repair. Additional
research should identify additional progenitor cell
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populations that may be used in cartilage repair and
should focus in further characterizing their properties.

CRITICISM

Autologous MSCs have demonstrated potential in the
repair of cartilage defects, and that lead to an increased
interest has been expressed for the use of stem cells
in cartilage lesions (Figure 1). However, an analysis of
these studies in terms of level of evidence shows that
less than 10 studies are randomized and approximately
15 studies have a control group. Additional randomized
controlled clinical studies are necessary to determine
whether isolated MSCs or ADSCs offer any benefits
over traditional marrow stimulating techniques such
as microfracture. Furthermore, long-term follow-up
with MRI or second-look arthroscopy will be critical for
determining the durability of repair tissue generated
by MSC implantation, particularly before utilizing these
techniques in younger, active patients.

The use of MSCs is not without clinical limitations or
disadvantages. Cost of stem cell preparation represents
an unknown factor that needs to be included in the
equation of their application. Detailed cost effectiveness
studies are needed to clarify the potential benefit for
their use in comparison to the current strategies for
cartilage repair. Moreover, the use of autologous MSCs
has a certain amount of donor morbidity. Iliac crest
marrow aspiration has been associated with chronic
pain, dysesthesia, potential wound drainage and
scaring®®, These complications are relatively minor
and occur rarely, but it is important to establish a
better understanding of the potential problems that
are associated with stem cell use, as these techniques
become more popular. For adipose and synovial derived
MSCs donor morbidity is significantly less, but future
studies should focus on potential withdraws for their use
as well. Finally, the use of allogeneic MSCs in co-culture
systems could offer a potential solution, but again,
additional research should determine whether the
potential risk of immune response related complications
outweighs their benefits!**.,

From a basic science perspective, the mechanisms
underlying chondrogenic differentiation of MSCs and
subsequent matrix production require elucidation.
As it stands, the quality of repair tissue generated by
marrow stimulation is known to be mechanically inferior
to native articular cartilage. It may be the case that
disruption to the subchondral plate contributes to this
phenomenon, and implantation of autologous MSC or
ADSC could circumvent this issue.

FUTURE PERSPECTIVES

The success of autologous MSC implantation is
dependent on determining their benefit over simpler
techniques such as microfracture. Studies will also be
necessary to determine which delivery method is most
appropriate. An appealing aspect of MSC implantation
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is that it has the potential to be performed in a single
surgical procedure. However, MSCs can also be isolated
at an earlier time point and pre-differentiated prior to
implantation. Studies comparing the efficacy of the
multitude of cell delivery techniques are necessary to
determine a standard of care.

A lot of interest has been focusing in the filed of
lubricin expression from MSCs™”**, This potential may
indicate that tissue engineering of cartilage from stem
cell sources could ensure the presence of lubricin in the
superficial cartilage™.

Finally, effective application of stem cells appears
to be linked with the presence of primary cells, and the
interactions between primary chondrocytes and MSCs
may worth to be examined further. This is an attractive
field that may attract a lot of interest since recent work
have shown that endogenous stem cells may have
the capacity for cartilage repair and regeneration™>®.
Additional research is also necessary to incorporate the
advances in the field of tissue engineering and explore
the potential of capitalizing the benefit from combining
successful approaches from basic science to clinical
practice.

CONCLUSION

Over the recent years, a growing number of studies
arise in the field of MSCs use in cartilage repair, building
a progressively stronger foundation for their clinical
applications. With the assistance of basic science, a
better understanding of their exact role in cartilage
physiology is established. New studies initiate to
demonstrate the critical role of MSCs in the initial steps
of cartilage degeneration, opening a new horizon full of
possible alternative methods to address the complicated
problem of cartilage repair and regeneration. Clinical
work has shared valuable data that confirm their effe-
ctiveness as an alternative cell source for cartilage repair.
More importantly, recent clinical findings revealed the
advantages and disadvantages of each type of MSCs
signifying the importance of combining chondrocytes with
different types of stem cells. The effective combination
of different treatment approaches showed that careful
selection of the treatment plan should be based on the
characteristics of the patient.
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