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Abstract

Osteoarthritis is a leading cause of pain and disability across the world. With an aging population its
prevalence is likely to further increase. Current accepted medical treatment strategies are aimed at
symptom control rather than disease modification. Surgical options including joint replacement are not
without possible significant complications. A growing interest in the area of regenerative medicine, led
by an improved understanding of the role of mesenchymal stem cells in tissue homeostasis and repair,
has seen recent focused efforts to explore the potential of stem cell therapies in the active management
of symptomatic osteoarthritis. Encouragingly, results of pre-clinical and clinical trials have provided
initial evidence of efficacy and indicated safety in the therapeutic use of mesenchymal stem cell
therapies for the treatment of knee osteoarthritis. This paper explores the pathogenesis of osteoarthritis
and how mesenchymal stem cells may play a role in future management strategies of this disabling
condition.
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Background

Osteoarthritis (OA) is a major cause of disability and chronic pain. With advances in modern medicine
improving the prevention, diagnosis and treatment of many diseases that were once life-threatening, the
population is now living longer. This increased life expectancy has led to an increased burden of
degenerative conditions including osteoarthritis.

It is estimated that at least 27 million people across the United States of America are affected by
arthritis, with an estimated total annual cost to the US economy of $89.1 billion US dollars [1].
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Worldwide, arthritis is considered to be the fourth leading cause of disability [2]. In both the developed
and developing world, osteoarthritis is an important factor affecting disability-adjusted life years [3].

Osteoarthritis is a progressive and painful condition that can affect both the young and the old and is a
highly prevalent condition in the Western world. It has a radiological prevalence of up to 80 % in
subjects over the age of 65 years [4–6]. Symptomatic osteoarthritis affects 10 % of males and 18 % of
females over the age of 45 years [7]. Prevalence is likely to further increase given the increasing
proportion of older people in society [4, 5].

Current medical treatment strategies for OA are aimed at pain reduction and symptom control rather
than disease modification. These pharmaceutical treatments are limited and can have unwanted side
effects [8, 9]. Viscosupplement/hyaluronic acid (HA) intra-articular injections have been used to treat
symptoms of mild to moderate knee OA, however, their mechanism of action is uncertain, with some
studies suggesting little improvement beyond that achieved with placebo injections [10].

Methods used for repair of articular cartilage lesions include autologous chondrocyte transplantation,
microfracture, and mosaicplasty. These techniques are, however, limited to the repair of focal defects
and consequently we lack a reparative technique for the more global/diffuse pathology of OA.

Surgical total knee replacement (TKR) is the current accepted treatment of choice for symptomatic
knee OA that is not controlled by traditional conservative therapies. It is estimated that approximately
600,000 TKR procedures are performed annually in the US [11]. Alarmingly – and perhaps reflecting
increased rates of obesity - an increasing proportion of patients who undergo a TKR are under the age
of 65 [12]. Further, revision rates of primary TKR are 2.5 times higher in patients under 65 years of age
[13]. Not surprisingly it is estimated that the number of annual total knee revision operations performed
will grow by over 600 % between the years 2005 and 2030 [14].

Total knee replacements are not without significant complication [15, 16]. As many as 20 % of patients
will continue to have knee pain and other problems post TKR [17]. Significant complications such as
death, pulmonary embolism and infections requiring readmission to hospital occur in up to 2 % of
patients [18].

The health and economical impact of OA has seen it become an international public health priority and
has led to the active exploration and research of alternative regenerative and joint preservation
therapies including mesenchymal stem cells.

Pathobiology of osteoarthritis

Osteoarthritis is characterized by progressive and irreversible cartilage degeneration. The capacity of
articular cartilage to repair is inherently poor, with the relative avascularity of cartilage, and hence lack
of systemic regulation, likely leading to an ineffective healing and reparative response [19, 20].

Structurally the changes of OA are observed as combinations of the following: loss of cartilage
thickness, peri-articular bone formation (osteophytes), subchondral sclerosis, cyst formation and peri-
articular tissue changes (i.e., synovitis) [21].

Whilst both mechanical, genetic and other factors influence development of OA, the primary risk factor
is age [22]. Components of the cartilage extracellular matrix (ECM) including type II collagen and
proteoglycans undergo age related structural changes, leading to likely alteration in the biomechanical
properties of the ECM [23]. Advanced glycosylation end products also accumulate within cartilage,
leading to increased cross-linking and altered biomechanical properties [24]. These changes lead to a
loss in the ability of cartilage to adapt to mechanical stress/load.

Chondrocytes within the cartilage matrix also exhibit age related changes. It has been proposed that
reactive oxygen species (free radicals) induced by mechanical or biological stressors may lead to cell
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senescence [25]. Cell senescence is accompanied by reduced growth factor response and production,
coupled with an observed upregulation of inflammatory cytokine expression such as Interleukin-1 (IL-
1), Tumor Necrosis Factor Alpha (TNFα) and Matrix Metallopeptidase -13 (MMP-13) [26, 27]. IL-1
and TNFα are primary drivers of a cytokine led degradation of cartilage [28].

These cytokines also directly stimulate the production of other pro-inflammatory factors including IL-
8, IL-6, leukotriene inhibiting factor, proteases and prostaglandin E2 (PGE2). IL-1 and TNFα both
increase synthesis of MMP and decrease MMP enzyme inhibitors, resulting in a net catabolic
environment and loss of extracellular matrix [28]. MMP-13 serves as a major mediator of type II
collagen cleavage and matrix degradation [26, 29]. Another catabolic cytokine MMP-7 (mattrolysin)
has been localized to chondrocytes in the superficial and transitional layers in OA but not the deeper
layers [30].

Nitric Oxide (NO) is a free radical that has also been implicated in the pathology of OA. Both NO and
NO Synthase are synthesized by chondrocytes. NO has an ability to inhibit proteoglycan synthesis and
also to inhibit the effect of IGF-1 on chondrocytes. It is thought to also perhaps play a role in the
apoptosis of chondrocytes [31, 32]. Further, chondrocyte apoptosis leads to the formation of apoptotic
bodies which express catabolic properties. These may contribute to the observed abnormal chondral
calcification and osteophyte formation that is seen in OA [32].

Evidently there are a host of enzymatic compounds that are involved in the disruption of the collagen
matrix leading to the degradative process of OA. However, despite OA being considered a degenerative
condition, several studies have confirmed that in areas of OA, many chondral cells demonstrate
enhanced synthesis of extracellular matrix components [33–39]. This anabolic response, however,
seems to be limited to the deeper chondral zones, with the upper zones exhibiting reduced expression
of matrix components such as agrecan [28, 40].

Whilst chondrocytes may remain active in the area of OA, research has indicated that they can undergo
dedifferentiation as a result of interaction with the changing ECM environment. Chondrocytes in the
upper to middle zones are seen to express type III rather than type II collagen and in fact those cells in
the deeper zones display Type X collagen expression - typical of cartilage within growth plates and
prone to ossification [28, 41].

These observed differences in anabolic and catabolic processes, and presence of degradative cytokines
within chondrocytes of differing layers, may explain the progressive nature of OA from superficial to
deep zones.

Changes of osteoarthritis are not only limited and influenced by the cartilage environment. It is
understood that the process of degeneration is also under the influence by the release of pro-
inflammatory mediators from the synovium. This seems in part the effect of synovial originating
cytotoxic M1 macrophages on the down-regulation of chondrogenic gene expression of mesenchymal
stem cells (MSCs) [42]. Low-grade synovial inflammation – observed in OA - is also associated with
increased expression of catabolic mediators including PGE2, NO and neuropeptides [43].

Interestingly, evidence indicates that osteoarthritis is associated with a depleted local population of
stromal MSCs, and those that exist exhibit reduced proliferative and differentiation capacity [44, 45].
The depletion and functional alteration/down regulation of MSC populations with reduced
differentiation capacity has also been postulated as a cause for progressive degenerative OA [46, 47].
Despite these findings, it has been noted that there exists MSCs with chondrogenic differentiation
potential in patients with OA, irrespective of age or the etiology of disease [48].

Other important contributing factors which affect both the onset and progression of OA – but which are
not a focus of this article - include obesity, history of trauma, genetics, muscle weakness and various
heritable and acquired disorders [49].
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Simplistically it is accepted that OA occurs when there exists an imbalance between
inflammatory/catabolic and anabolic pathways. Age related loss of the ability of chondrocytes and
tissues within the ECM to maintain a homeostasis between these pathways, leads to a pro-catabolic
state favoring matrix degradation [50]. This loss of homeostasis and inability to adapt to external
mechanical stressors results in the development of OA.

Acknowledgement of this imbalance between catabolic and anabolic pathways has led to renewed
interest in therapies that may be able to influence and encourage maintenance of an appropriate
chondral homeostasis.

Mesenchymal stem cells

Mesenchymal stem cell properties

Regenerative cellular therapies, rather than being unique and experimental, are well established and
practiced in the area of blood transfusion, bone marrow and tissue transplantation and reproductive in-
vitro fertilization.

It has been over 40 years since mesenchymal stem cells were first characterized by Dr Alexander
Friedenstein. They were initially recognized in bone marrow and display plasticity and multipotency.
Similar cells have been shown to be present in other tissues including peripheral blood, cord blood,
skeletal muscle, heart and adipose tissue [51, 52]. The presence of these cells within other tissues has
meant that they are perhaps more accurately described as mesenchymal stromal cells.

MSCs are able to form cells of the mesodermal lineage, being able to differentiate towards osteoblasts,
chondrocytes and adipocytes [52–54]. Their presence throughout the body suggests an intrinsic role in
tissue repair and regeneration.

Several in vitro techniques have been explored to assist MSCs to differentiate along a path of
chondrogenesis. Both Transforming Growth Factor Beta 1 (TGFβ1) and Insulin-Like Growth Factor 1
(IGF-1) act synergistically to stimulate chondrogenesis. This is in part mediated by MAPKinase and
Wnt signaling pathways [55, 56]. Importantly the expression of collagen type II and proteoglycans
associated with hyaline cartilage are similar in in-vitro MSC derived chondrocytes to mature adult
chondrocytes [56]. Other compounds found to assist in the propagation of MSCs along a chondrogenic
lineage are dexamethasone [57], some bone morphogenic proteins (BMP) – primarily BMP-7 [58], and
fibroblast growth factor (FGF-2) [59].

Whilst evidence of the capacity of MSCs to differentiate along a chosen cell lineage represents great
promise in the area of regenerative medicine it is postulated that their beneficial effect is also achieved
through an immunomodulatory and paracrine mechanism and hence manipulation of the disease
process [60].

MSCs are observed to suppress inflammatory T–cell proliferation, and inhibit maturation of monocytes
and myeloid dendritic cells resulting in an immunomodulatory and anti-inflammatory effect. This
immunomodulatory mechanism raises potential for their use in auto-immune mediated inflammatory
conditions including inflammatory arthropathies [61].

Along with their immunomodulatory and differentiation potential, MSCs have been shown to express
essential cytokines including Transforming Growth Factor beta (TGFβ), Vascular Endothelial Growth
Factor (VEGF), Epidermal Growth Factor (EGF) and an array of bioactive molecules that stimulate
local tissue repair [62–64]. These trophic factors, and the direct cell to cell contact between MSCs and
chondrocytes, have been observed to influence chondrogenic differentiation and cartilage matrix
formation [65, 66]. Importantly, analysis of mRNA levels within cartilage chondrocytes present at end
stage arthritis, indicates that endogenous cells are not inert and remain metabolically active and
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continue to synthesize cartilage proteins. This supports the hypothesis that MSCs may be able to assist
the existing chondrocytes - much like what is observed in their perivascular stromal role within the
bone marrow.

Indeed, the anti-inflammatory, anti-apoptotic, and anti-fibrotic mechanisms influenced by the
properties of MSCs may be their primary mode of activity [67].

Autologous MSCs can differentiate into cartilage and bone supporting their potential in the treatment in
OA [68, 69]. Further research highlighting the pro-inflammatory cytokines involved in the destruction
of hyaline cartilage and development of degenerative osteoarthritis has also highlighted the potential of
MSCs as a disease modifying agent due to their immunomodulatory/anti-inflammatory properties [27].
An ability to migrate to sites of injury, inhibit pro-inflammatory pathways and promote tissue repair
through release of anabolic cytokines and direct differentiation into an array of specialized connective
tissue cells, has led to renewed focus on MSCs in the area of regenerative medicine.

Mesenchymal stem cell characterization

MSCs are a heterogeneous population of cells that lack a specific and unique marker. It is postulated
that it is their heterogeneity that allows MSCs to respond to a wide variety of cues in the local
environment, and therefore carry out a number of functions [70].

MSCs are characterized by their plastic adherent properties and expression of several surface antigens
including CD105, CD 90 and CD73, and their absence of hematopoietic markers CD34, CD45, CD14
or CD11b, CD79α or CD19 and also the absence of HLA Class II molecules [71].

The international Society of Cellular Therapy has proposed that the MSC population must exhibit at
least ≥95 % expression of CD105, CD73 and CD 90 and ≤2 % of hematopoietic markers for an
accepted level of purity. Further, these cells must be able to show an ability to differentiate along
osteogenic, chondrogenic or adipogenic cell lines [71].

Source of mesenchymal stem cells

Mesenchymal stem cells are found throughout the adult body – hence they are often referred to as
mesenchymal stromal cells. The ability to use adult MSCs placates the ethical concerns of using
embryonic stem cells. The best source of adult MSCs, however, remains unclear. Several different
tissues have been explored including bone marrow, adipose tissue, and umbilical cord tissue
(Wharton’s jelly).

Traditionally bone marrow has been used as a source of MSCs, though research has shown a relative
paucity of MSCs within bone marrow aspirates (BMA) – comprising only .001–.02 % of
mononucleated cells isolated from aspirates [72, 73]. In comparison, human adipose tissue through a
lipoaspirate procedure, yields MSC numbers of ~ 1–7 % of the nucleated cell population [74]. Its ease
of harvest and the relative abundance of MSCs in adipose tissue has seen this method increasingly used
for autologous therapies.

Whilst past research has indicated bone marrow MSCs to have superior chondro-progenitor capacity, a
number of recent publications have indicated comparative chondrogenic ability of MSCs from either
bone marrow or adipose tissue [48, 74–77].

Past research has indicated that MSCs exhibit reduced proliferative and differentiation capacity with
age [44, 45] – with some authors proposing this as a cause of age related degenerative conditions.
Human umbilical cord perivascular cells (HUCPVCs) – otherwise known as Wharton’s Jelly – are a
rich source of mesenchymal stem cells [78]. HUCPVCs are closer to an embryonic cell lineage and are
robust/stable, show increased differentiation capacity and retain properties of true stem cells even after
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extended in-vitro expansion/culture [79]. Further, HUCPVCs appear to lack tumorgenicity and, even
when used in the presence of cancer, are not associated with enhanced growth of solid tumors [80].

Like MSCs of other origins, HUPVCs are hypo-immunogenic and therefore offer promise as an
allogeneic source. MSCs are negative for HLA Class II surface antigens and express only low levels of
HLA Class I antigens [81]. Perhaps surprisingly, as MSCs differentiate towards chondrocytes,
adipocytes or osteocytes, they continue to be non-immunogenic and lack HLA Class II expression.

The chosen source of MSCs is dependent upon ease of harvest and the differentiation capacity towards
a chosen tissue. Whilst autologous therapies offer an attractive option, the cost of individual harvest,
isolation and expansion of cells in an appropriate `clean facility’, is obstructive. Allogeneic MSC
therapies  may offer accessibility of disease modifying regenerative therapies to the broader
community.

Current regenerative techniques

With an aging population, and an alarmingly increasing rate of total joint replacements being
performed on those under the age of 65, there has been significant focus on regenerative joint
preservation techniques. These include: autologous chondrocyte transplantation (ACT), mosaicplasty,
and microfracture. Whilst they are limited to isolated areas of chondral loss and are less adaptable to
the generalized degenerative changes as seen in arthritis they are often considered, when clinically
appropriate, in an attempt to improve both pain and function, delay progression to arthritis and
therefore to delay the later need for total joint replacement. Whilst not a focus of this review, as current
mesenchymal stem cell based therapies are often modeled and compared to these techniques, it is
important to understand the theory and observed clinical efficacy of these accepted surgical
approaches.

Autologous chondrocyte transplantation

ACT involves the autologous harvesting of cartilage from a non-weight bearing area. Chondrocytes are
then isolated from the cartilage and seeded in vitro in monolayer culture and expanded. They are
injected into the chondral defect and a cover – traditionally a periosteal flap – is then sutured in place to
secure the chondrocyte graft [82].

Preclinical trials have successfully shown this method to be successful in resulting in hyaline like
cartilage regrowth/repair compared to control groups [83–85]. ACT clinical results have
correspondingly been encouraging with reasonable observed long-term durability [82, 86]. However,
despite these encouraging clinical outcomes, there remains a lack of comparative, controlled, long-term
clinical studies.

ACT is limited by the paucity of autograft donor sites, damage caused by the technique of harvesting
and at times poor integration of the grafted defect with surrounding cartilage [87]. Further, studies have
indicated that up to 40 % of ACTs show evidence of chondrocyte dedifferentiation. This may be linked
to the down regulation of chondrocytes during ex vivo culture resulting in the production of collagen
type I rather than type II [88, 89]. This down regulation of chondrocytes is not only an effect of
dedifferentiation during the monolayer expansion phase but is also understood to be due to the loss of
interaction between the implanted chondrocyte and a normal surrounding ECM.

Down regulation of chondrocytes with expression of type I collagen may lead to formation of
fibrocartilage rather than hyaline cartilage, with resultant reduced load bearing properties. Roberts and
colleagues showed varying histology of ACT sites biopsied up to 34 months post implantation with
predominantly hyaline features in 22 % of specimens, fibrocartilage formation in 30 % and a mixed
collagen population in 48 % of samples [90].
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Donor site morbidity, down regulation of chondrocytes with fibrocartilage formation and poor
integration has meant that we continue to need to explore and development other alternative techniques
in chondral defect repair. A further limitation of ACT is that its current use in the treatment of isolated
chondral defects does not easily translate to treatment of the more global chondral degenerative
changes as found in generalized OA.

Microfracture

Microfracture – otherwise known as osteoplasty - has become a commonly used surgical technique to
assist in stimulating a healing response at the site of an isolated chondral defect. The procedure
involves the drilling or punching of holes through the subchondral plate at the site of a full thickness
chondral defect. This stimulates an inflammatory response, and the subsequent migration of bone
marrow derived pluripotent cells to the articular surface creates an environment amenable to healing
[91].

Whilst several studies have successfully demonstrated a cartilaginous response at the sites of
microfracture, histological analysis has suggested that the resultant tissue is consistent with collagen
type I fibrocartilage rather than the hyaline – collagen type II - cartilage typical of normal articular
surfaces [92, 93]. Although effective short to medium term functional improvement of joint function
has been noted following microfracture, long-term results are less encouraging. Follow-up of 33 ankles
post arthroscopic microfracture for ankle talus lesions found a disappointing fair to poor clinical
outcome in 54 % of patients at a mean follow up of 66 months [94].

Inadequate defect filling, and the poor load bearing quality of fibrocartilage with early degeneration,
have been postulated as reasons for poor long-term outcome following microfracture [95, 96].

Mosaicplasty

Mosaicplasty involves the use of autologous osteochondral grafts to an area of full thickness chondral
loss of up to 9 mm. Grafts are taken from areas of non-weight bearing at the periphery of the joint and
transplanted to the site of the defect. It is expected that fibrocartilaginous growth will occur between
these grafts, acting as `grouting’ for the mosaicplasty [97].

Several follow up studies have, however, indicated the resorption of the chondral layer of the graft and
degeneration of the surrounding chondral surface [98, 99]. A randomized controlled trial comparing
mosaicplasty versus ACT in osteochondral defects of the knee, demonstrated at 12 months follow-up
arthroscopy excellent or good results in 82 % of patients who received ACT versus only 34 % patients
after mosaicplasty [100]. As ACT techniques have also shown success even in areas of osteochondral
loss with significant depth of cancelous defect, the reasoning to perform mosaicplasty is less apparent.

MSCs and cartilage repair

MSCs, due to ease of harvest and isolation with minimal donor site morbidity, coupled with an ability
to expand into chondrocytes, have meant that they have been actively explored in regards to tissue
engineering and repair.

MSC scaffold transplantation techniques – preclinical results

Preclinical trials using techniques similar to ACT, but substituting the chondrocytes with MSCs, have
shown positive results with formation of tissue with histological properties consistent with hyaline
cartilage and a high type II collagen presence [101, 102]. The efficacy of mesenchymal cellular
scaffold constructs has been further substantiated with a porcine model, which again showed hyaline
like cartilage regeneration at 3 and 6 months post implantation [103].
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Dragoo and colleagues used isolated and expanded adipose derived MSCs in fibrin glue to treat
chondral defects in rabbits [104]. Post treatment histological analysis showed hyaline like cartilage
repair in 12 of 12 subjects, versus only 1 in 12 control subjects, supporting the use of cellular tissue
matrixes in tissue engineering. Other studies, which have pre-differentiated the MSCs towards
chondrocytes prior to implantation, have similarly shown success [105–107].

MSC scaffold transplantation techniques – clinical results

The results of initial clinical studies have reflected the results of preclinical trials. Wakitani and
colleagues successfully transplanted isolated MSCs - seeded onto a type I collagen network - to an area
of chondral defect, resulting in successful filling of the defect [108]. Later biopsy at two years
indicated hyaline like cartilage with type II collagen on histological evaluation.

Nejadnkik and colleagues published their results of a comparative cohort study assessing both the
safety and efficacy of bone marrow MSC impregnated scaffolds (n = 36) in direct comparison to
autologous chondrocyte transplantation (n = 36) for an isolated chondral defect [109]. There was no
difference between these groups in clinical outcome.

Interestingly, these positive findings, however, are in contrast to earlier research that suggested
transplanted MSCs might result in hypertrophic chondrocyte differentiation and expression of collagen
type X [110]. Collagen Type X is associated with endochondral ossification [111].

MSC injectable techniques – preclinical results

Recognizing the limitation of biological scaffolds in the treatment of OA – where there exists more
diffuse cartilage loss rather than an isolated cartilage lesion - other researchers have sought to assess
the effect of intra-articular MSC injections.

Preclinical trials have successfully indicated the benefit of MSC intra-articular injections on
improvement in function, though results have been inconsistent on cartilage restoration. Some studies,
whilst indicating significant pain and functional improvement, have not seen any observable difference
in disease progression against controls, whilst others have successfully shown disease modification.

In a mono-iodoacetate induced rat model of OA, use of intra-articular bone marrow MSCs, resulted in
animals being able to distribute significantly greater weight through the affected limb. In contrast to
this functional improvement, no statistically significant difference between the treatment and control
groups, in regard to cartilage and subchondral bone pathology and synovial inflammation, was
observed [112].

In a surgically induced model of OA in the goat, intra-articular injections of labeled bone marrow
MSCs resulted in regeneration of chondral tissue in comparison to the control group. This observation
was made despite the relative lack of labeled MSCs being later found within the regenerative cartilage
area [113]. Further, in a later porcine model, MSC injectable therapies again showed preclinical
efficacy with improved cartilage healing of chondral defects when compared to control [114].

The use of MSC based therapy in conjunction with the accepted surgical technique of microfracture has
been explored in a surgically induced isolated chondral lesion goat model. Post microfracture intra-
articular injections of bone marrow aspirate (BMA) in combination with hyaluronic acid resulted in
both improved integration of tissue and superior quality of tissue repair with type II collagen
represented on histology [115].

Black and colleagues assessed the clinical effect of adipose derived MSCs within a randomized,
placebo controlled trial showing a significant improvement in lameness and range of motion in dogs
following a single intra-articular adipose derived MSC injection [116].
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MSC injectable techniques – clinical results

Similarly to preclinical results, clinical trials using injectable MSC techniques have reproducibly
shown pain and function improvements, though observation of disease modification has been less
consistent.

Using a combination of both isolated bone marrow MSCs, BMA and platelet lysate, Centeno and
colleagues have published the observed improvement in both chondral volume and meniscus volume in
two limited case studies [117, 118]. In 2011, Centeno later published a case series of 339 patients,
reporting that of those patients requiring total knee replacement (69 % of the patient cohort) only 6.9 %
still required replacement surgery after MSC therapy. Sixty percent of patients reported >50 % pain
relief and 40 % reported >75 % pain relief at 11 months [119].

The success of such combination therapy has also been indicated by a limited case series assessing the
benefits of adipose derived MSC, where MSC was combined with both a platelet lysate and a
hyaluronic acid carrier with additional use of low dose dexamethasone [120]. Again, both functional
and disease modification was observed.

Indication of disease modification has had further substantiation with Kuroda and colleagues
successfully treating a femoral condyle cartilage defect with autologous bone marrow MSCs, showing
repair with `hyaline-like’ tissue at later arthroscopy and biopsy [121]. In another study, use of a single
intra-articular injection of autologous isolated expanded bone marrow derived MSCs resulted in both
pain and functional improvement in all patients and increased cartilage thickness in 3 out of 6 patients
[122]. The authors of this article, however, did note an increase in pain after 6 months, suggesting that
a repeat injection may be of benefit.

Extending upon the observed positive preclinical outcome of the use of MSCs in conjunction with
arthroscopic techniques, Saw and colleagues have recently published a randomized controlled trial
involving the use of peripheral blood MSCs in combination with arthroscopic
microfracture/microdrilling of chondral lesions. Importantly, the participant group receiving MSCs
showed significant improvement in the quality of articular cartilage repair (by histological and MRI
evaluation) in comparison to the control group that underwent microfracture and hyaluronic acid
injections alone [123].

A randomized clinical trial assessing the efficacy of MSCs post arthroscopic partial medical
meniscectomy, showed improvement in clinical outcome in comparison to control but also evidence of
regeneration of meniscal volume [124].

Most recently, Phase I and II trials using expanded adipose derived MSCs in the treatment of OA have
shown MRI evidence of cartilage regrowth [125]. Following a single intra-articular injection of 100
million MSCs, radiological (MRI) follow-up at 6 months showed increased cartilage volume and
histological assessment confirmed hyaline–like cartilage regeneration with the presence of type II
collagen.

Similarly, the use of allogeneic bone marrow MSCs in symptomatic osteoarthritis that was
unresponsive to conservative management, has resulted in both pain ad functional improvement and
significant improvements in cartilage quality on T2 MRI cartilage mapping at 12 months in comparison
to controls [126].

These positive results showing disease modification are in contrast to a limited case series of four
patients, where each patient received isolated adipose derived MSCs. Whilst functional improvement
was noted at follow up, no structural change and joint space improvement was noted at repeat imaging
– though this only involved X-ray rather than MRI [127]. The authors acknowledged that cell number,
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use of co-stimulators/carrier media (i.e., Platelet Lysate), the number and frequency of injections, and
also stage of disease, might have influenced outcome.

A recent Phase 1 dosing trial on the use of adipose derived MSCs in severe osteoarthritis indicated a
significant effect over a 12 month follow-up on the need for total joint replacement with only 2 out of
the 18 patients still requiring arthroplasty [128]. This is similar to Centeno’s observation of the effect of
MSC based therapy in delaying need for joint replacement.

Despite MSCs being commonly associated with regenerative medicine, and level IV evidence of
chondral regrowth and disease modification, there is a paucity of well-controlled trials assessing
structural outcome (see Table 1). Tucker and colleagues have appropriately highlighted that future
research in the area of cellular therapies needs to focus on what they have termed an `outcome triad’
[129]. This includes - a) molecular and cellular responses both intra-articularly and systemically; b)
clinical outcome – pain and function; c) structural outcome.

Table 1
Summary of regenerative techniques

The reproducible pain and functional improvement seen with MSC injectable therapies, raises the
question of whether the biological mechanism of action may be a strong anti-inflammatory effect -
including on neurogenic inflammation – rather than regeneration. Further, the observed disease
modification in studies that use combination therapy suggests that the efficacy of MSC therapies may
be influenced by additional agents including platelet concentrates and hyaluronic acid - though this
creates a further layer of confusion regarding cause and effect.

MSC + carrier media

Platelet concentrate/platelet-rich plasma

The function of MSCs has been explored under the influence of bioactive carriers such as platelet-rich
plasma (PRP). Platelets contain greater than 1500 protein based factors with bioactive ability [130].
This broad spectrum of compounds includes growth factors, peptide hormones, chemokines, fibrin and
also proteins with anti-bacterial and fungicidal properties.

Growth factors released by platelets may potentially play a positive role in the up regulation of MSCs.
TGFβ1 is seen to reduce collagen type I gene expression and up regulate expression of collage type II
and aggrecan genes [131]. Further, TGFβ1 works in association with basic Fibroblast Growth Factor
(FGF2) to assist in the migration of stromal cells to a site of injury [132, 133].

Importantly, whilst in vitro studies indicate the potential benefits of PRP in the modification of OA
pathways, these preclinical results have not been observed in clinical trials where, despite an observed
pain and functional improvement, PRP therapy in isolation has not been associated with disease
modification and structural change.

The combination of PRP with MSCs in intra-articular injections has shown increased collagen type II
expression and reduced chondrocyte apoptosis [134]. FGF2 also plays a critical role in suppressing
collagen Type X formation and hence may also have an ability to prevent hypertrophic endo
ossification [135]. Both symptomatic and structural improvement has been noted in a recent case series
using a combination of PRP with MSC [136].

MSCs seeded in a PRP scaffold have been shown to both proliferate and express cartilage marker
genes, resulting in improved cartilage differentiation and successful repair of chondral defects in
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rabbits [137]. Similar results were observed in an early pilot case study by Haleem and colleagues
[138].

Further studies have indicated the combined benefits of using PRP in an ACT approach with a
hydrogel scaffold seeded with both chondrocytes and PRP [139]. This application was used
successfully in a broad cohort study of 81 patients with OCD of the ankle [140].

PRP has an anabolic effect on both chondrocytes and MSCs – assisting in proliferation, inhibiting
deregulation and also assisting in matrix development that further supports appropriate chondrocyte
and stem cell development.

The issue of PRP remains the variability in both its preparation and the resultant amount of bioactive
factors that it expresses. Platelet count can also vary depending on the donor’s age, health, hydration
and gender. Further, there are factors within PRP that may have unwanted effects on both the joints and
MSCs – i.e. Vascular Endothelial Growth Factor.

Hyaluronic acid

Preclinical studies have often used MSCs suspended in a hyaluronic acid (HA) based media with good
efficacy. Murphy and colleagues showed successful regeneration of chondral tissue in a goat model
with surgically induced OA [113]. Many clinical trials of MSC therapies have similarly used HA as a
carrier media [120, 123].

The benefits of hyaluronic acid may be more than just its action as a carrier. Preclinical studies have
observed both enhancement of synovial cell migration and chondrocyte migration with the application
of HA in combination with FGF2 [141]. The observed interaction of HA with both MSCs and
chondrocytes, through cell surface receptors CD44 and RHAMM (Receptor for Hyaluronic Acid
Mediated Migration), indicates that HA may facilitate migration and adherence of MSCs to a chondral
defect [114, 142–144].

Further, hyaluronic acid hydrogels have been shown to be an effective 3-dimensional environment in
which MSCs both proliferate and express early changes associated with chondrogenesis [145].

Safety

The investigation of MSCs in the treatment of various conditions including OA continues to grow. The
National Institutes of Health lists 404 current trials in the area of MSCs [146]. With such continued
interest in the possible clinical applications of MSC therapies, it is imperative to determine not just
efficacy but also safety.

Rubio and colleagues in a controversial study in 2005 questioned the safety of adipose derived MSCs
[147]. After in vitro culture over 4 months they demonstrated spontaneous stem cell transformation and
development of malignancy when implanted in immune-deficient mice. Later this study was retracted
after evidence indicated that the malignant transformation related to a contaminant cell line and not the
MSCs [148]. In similar circumstances, a later study on long term cultured Bone Marrow MSCs - with
evidence of malignant transformation - was retracted on identical grounds [149, 150].

A recent publication studying bone marrow and hepatic MSCs showed evidence of abnormal cell
growth after culture beyond 5 weeks, with development of malignancy in immune-deficient mice
[151]. They noted loss of MSC markers and also identified RNA/DNA gene sequences that may serve
as biomarkers of cell transformation. In contrast to these findings, Bernado and colleagues
demonstrated no abnormal growth of bone marrow MSCs after 25 passages or senescence and further
culture for 8–12 weeks [152].
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Importantly, based upon current clinical trial outcomes, MSC therapy appears safe. A recent systematic
review and meta-analysis of trials involving a total of 1012 participants receiving intra-vascular MSC
therapy for various clinical conditions including ischaemic stroke, Crohn’s disease, cardiomyopathy,
ischaemic heart disease and graft versus host disease, did not identify any significant adverse events
other than transient fever [153]. Patients were followed up in some studies for over 90 months. This
meta-analysis included both autologous and allogeneic MSCs and also expanded/cultured cells.

Further, systematic review of clinical studies involving the use of intra-articular injections of
autologous expanded MSCs, with a mean follow-up of 21 months of 844 procedures, showed no
association with adverse events such as infection, death or malignancy [154].

Additionally, the use of carrier media’s such as PRP may improve safety further with PRP displaying
both anti-bacterial and fungicidal properties [155].

Conclusion

Osteoarthritis is a progressive and degenerative condition. With an aging population it promises to
remain a significant cause of pain and disability. Whilst osteoarthritis is an active, inflammatory and
progressive condition, there has been no development of disease modifying pharmaceutical therapies.
Indeed, all currently accepted therapies are aimed at symptom control rather than disease prevention.
Current conservative management strategies fail to alter disease progression and surgical management
in the form of joint replacement is associated with not insignificant complications.

Methods for the repair of articular cartilage lesions – including surgical microfracture and cellular
scaffold transplantation – have been investigated with success in both preclinical and clinical trials.
Unfortunately, these techniques are limited to the repair of focal lesions only and are not easily
transferable to osteoarthritis, where there is more generalized loss of cartilage volume.

Intra-articular injections of MSCs have resulted in pain and functional improvement in a number of
preclinical and clinical trials. Importantly, recent limited case series evidence has shown regrowth of
cartilage volume and disease modification following MSC injections. Whilst recognizing the low level
of scientific evidence (Level IV), a significant increase in cartilage volume in an accepted degenerative
and progressive condition represents an exciting development.

Despite initial concerns regarding MSC therapies, systematic review of clinical trials has indicated a
relative safety in both intravascular and intra-articular injections. Evidence does support however that
caution needs to be undertaken when culturing/expanding these cells.

The burden of musculoskeletal disease is progressively expanding and highlights the need for both
preventative and reparative therapies rather than commonly accepted pain management interventions.
MSC based cell therapies offer an exciting possibility in the treatment of OA and importantly show
promise in disease modification, with potential inhibition of progression and recent evidence of
reversal of this degenerative process. Importantly further randomized controlled trials are needed to
evaluate the most effective application of MSCs in osteoarthritis management.

Abbreviations

ACT, autologous chondrocyte transplant; BMA, bone marrow aspirate; BMP, bone morphogenic
protein; ECM, extracellular matrix; EGF, endothelial growth factor; FGF2, basic fibroblast growth
factor; HA, hyaluronic acid; HUCPVC, human umbilical cord perivascular cells; IL, interleukin; ILGF,
insulin like growth factor; MMP, matrix metallopeptidase; MSC, mesenchymal stem cell; NO, nitric
oxide; OA, osteoarthritis; PRP, platelet rich plasma; RHAMM, Receptor for Hyaluronic Acid Mediated
Migration; TGF, transforming growth factor; TKR, total knee replacement; TNF, tumor necrosis factor;
VEGF, vascular endothelial growth factor.

ClarkiMacUpstairs
Highlight

ClarkiMacUpstairs
Highlight

ClarkiMacUpstairs
Highlight

ClarkiMacUpstairs
Highlight

ClarkiMacUpstairs
Highlight



3/9/2018 Mesenchymal stem cell therapy in the treatment of osteoarthritis: reparative pathways, safety and efficacy – a review

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4880954/ 13/24

Go to:

Go to:

Go to:

Acknowledgments

The authors would like to acknowledge the following people for their contribution in assisting of the
drafting of the manuscript and acquisition of research data:

- Michael Kenihan

- Ross Williams

- Peter Hansen

Authors’ contributions

JF, DB were involved in conception and design of the literature review. JF, DB, RB, KS, AB, LH, AT
were involved in the drafting of the literature review. JF, DB, RB, KS, AB, LH, AT have approved the
final manuscript.

Availability of data and materials

See References section.

Funding

No funding was obtained for the writing of this manuscript.

Notes

Competing interests

Authors Dr Julien Freitag, Dr Dan Bates, Dr Leesa Huguenin and Professor Richard Boyd are affiliated
with Magellan Stem Cells and are members of Magellan Stem Cells Clinical and Scientific Advisory
Board. Dr Kiran Shah is employed by Magellan Stem Cells as its Chief Laboratory Scientist. All other
authors have no competing interests to declare.

Consent for publication

Not applicable.

Ethics approval and consent to participate

Not applicable.

References

1. Bitton R. The economic burden of osteoarthritis. Am J Manag Care. 2009;15(8):230–235. [PubMed]

2. Fransen M, Bridgett L, March L, et al. The epidemiology of osteoarthritis in Asia. Int J Rheum Dis.
2011;14(2):113–121. doi: 10.1111/j.1756-185X.2011.01608.x. [PubMed] [Cross Ref]

3. Brooks PM. Impact of osteoarthritis on individuals and society: how much disability? Social
consequences and health economic implications. Curr Opin Rheumatol. 2002;14(5):573–577. doi:
10.1097/00002281-200209000-00017. [PubMed] [Cross Ref]

4. Peat G, McCarney R, et al. Knee pain and osteoarthritis in older adults: a review of community
burden and current use of primary health care. Ann Rheum Dis. 2001;60(2):91–97. doi:
10.1136/ard.60.2.91. [PMC free article] [PubMed] [Cross Ref]

https://www.ncbi.nlm.nih.gov/pubmed/19817509
https://www.ncbi.nlm.nih.gov/pubmed/21518309
https://dx.doi.org/10.1111%2Fj.1756-185X.2011.01608.x
https://www.ncbi.nlm.nih.gov/pubmed/12192258
https://dx.doi.org/10.1097%2F00002281-200209000-00017
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1753462/
https://www.ncbi.nlm.nih.gov/pubmed/11156538
https://dx.doi.org/10.1136%2Fard.60.2.91


3/9/2018 Mesenchymal stem cell therapy in the treatment of osteoarthritis: reparative pathways, safety and efficacy – a review

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4880954/ 14/24

5. Gupta S, Hawker GA, et al. The economic burden of disabling hip and knee osteoarthritis (OA) from
the perspective of individuals living with this condition. Rheumatology. 2005;44(12):1531–1537. doi:
10.1093/rheumatology/kei049. [PubMed] [Cross Ref]

6. Issa S, Sharma L. Epidemiology of osteoarthritis: an update. Curr Rheum Rep. 2006;8(1):7–15. doi:
10.1007/s11926-006-0019-1. [PubMed] [Cross Ref]

7. Zhou Q, Yang W, Chen J, et al. Metabolic syndrome meets osteoarthritis. Nat Rev Rheumatol.
2012;8:729–737. doi: 10.1038/nrrheum.2012.135. [PubMed] [Cross Ref]

8. Bagga H, Burkhardt D, et al. Long-term effects of intra-articular hyaluronan on synovial fluid in
osteoarthritis of the knee. J Rheumatol. 2006;33(5):946–950. [PubMed]

9. Abraham NS, El-Serag HB, et al. Cyclooxygenase-2 selectivity of non-steroidal anti-inflammatory
drugs and the risk of myocardial infarction and cerebrovascular accident. Aliment Pharmacol Ther.
2007;25(8):913–924. doi: 10.1111/j.1365-2036.2007.03292.x. [PubMed] [Cross Ref]

10. Baltzer AW, Moser C, et al. Autologous conditioned serum (Orthokine) is an effective treatment for
knee osteoarthritis. Osteoarthritis Cartilage. 2009;17(2):152–160. doi: 10.1016/j.joca.2008.06.014.
[PubMed] [Cross Ref]

11. Cram P, Lu X, et al. Total knee arthroplasty volume, utilization, and outcomes among Medicare
beneficiaries, 1991-2010. JAMA. 2012;308(12):1227–1236. doi: 10.1001/2012.jama.11153.
[PMC free article] [PubMed] [Cross Ref]

12. Knutson K, Robertsson O. Swedish Knee Arthroplasty Registry. Acta Orthop. 2010;81(1):5–7. doi:
10.3109/17453671003667267. [PMC free article] [PubMed] [Cross Ref]

13. Carr A, Robertsson O, et al. Knee replacement. Lancet. 2012;379:1331–1340. doi: 10.1016/S0140-
6736(11)60752-6. [PubMed] [Cross Ref]

14. Kurtz S, Ong K, et al. Projections of primary and revision hip and knee arthroplasty in the united
sates from 2005 to 2030. J Bone Joint Surg Am. 2007;89(4):780–785. doi: 10.2106/JBJS.F.00222.
[PubMed] [Cross Ref]

15. Singh JA, Kundukulam J, et al. Early postoperative mortality following joint arthroplasty: a
systematic review. J Rheumatol. 2011;38:1507–1513. doi: 10.3899/jrheum.110280. [PMC free article]
[PubMed] [Cross Ref]

16. Wylde V, Hewlett S, et al. Persistent pain after joint replacement: prevalence, sensory qualities, and
postoperative determinants. Pain. 2011;152:566–572. doi: 10.1016/j.pain.2010.11.023. [PubMed]
[Cross Ref]

17. Bourne RB, Chesworth BM, et al. Patient satisfaction after total knee arthroplasty: who is satisfied
and who is not? Clin Orthop Relat. 2010;468:57–63. doi: 10.1007/s11999-009-1119-9.
[PMC free article] [PubMed] [Cross Ref]

18. SooHoo N, Lieberman J, et al. Factors predicting complication rates following total knee
replacement. J Bone Joint Surg Am. 2006;88(3):480–485. doi: 10.2106/JBJS.E.00629. [PubMed]
[Cross Ref]

19. Buckwalter JA, Mankin HJ. Articular cartilage. Part II: degeneration and osteoarthritis, repair,
regeneration and transplantation. J Bone Joint Surg. 1997;79:612–632.

20. Farnworth L. Osteochondral defects of the knee. Orthopedics. 2000;23(2):146–157. [PubMed]

21. Burr DB. Subchondral bone. In: Brandt KD, Lomander S, Doherty M (eds). Osteoarthritis. Oxford:
Oxford University Press; 1998. p. 144–56.

https://www.ncbi.nlm.nih.gov/pubmed/16091394
https://dx.doi.org/10.1093%2Frheumatology%2Fkei049
https://www.ncbi.nlm.nih.gov/pubmed/16515759
https://dx.doi.org/10.1007%2Fs11926-006-0019-1
https://www.ncbi.nlm.nih.gov/pubmed/22907293
https://dx.doi.org/10.1038%2Fnrrheum.2012.135
https://www.ncbi.nlm.nih.gov/pubmed/16652425
https://www.ncbi.nlm.nih.gov/pubmed/17402995
https://dx.doi.org/10.1111%2Fj.1365-2036.2007.03292.x
https://www.ncbi.nlm.nih.gov/pubmed/18674932
https://dx.doi.org/10.1016%2Fj.joca.2008.06.014
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4169369/
https://www.ncbi.nlm.nih.gov/pubmed/23011713
https://dx.doi.org/10.1001%2F2012.jama.11153
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2856197/
https://www.ncbi.nlm.nih.gov/pubmed/20170420
https://dx.doi.org/10.3109%2F17453671003667267
https://www.ncbi.nlm.nih.gov/pubmed/22398175
https://dx.doi.org/10.1016%2FS0140-6736(11)60752-6
https://www.ncbi.nlm.nih.gov/pubmed/17403800
https://dx.doi.org/10.2106%2FJBJS.F.00222
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4262531/
https://www.ncbi.nlm.nih.gov/pubmed/21724724
https://dx.doi.org/10.3899%2Fjrheum.110280
https://www.ncbi.nlm.nih.gov/pubmed/21239114
https://dx.doi.org/10.1016%2Fj.pain.2010.11.023
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2795819/
https://www.ncbi.nlm.nih.gov/pubmed/19844772
https://dx.doi.org/10.1007%2Fs11999-009-1119-9
https://www.ncbi.nlm.nih.gov/pubmed/16510811
https://dx.doi.org/10.2106%2FJBJS.E.00629
https://www.ncbi.nlm.nih.gov/pubmed/10688291


3/9/2018 Mesenchymal stem cell therapy in the treatment of osteoarthritis: reparative pathways, safety and efficacy – a review

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4880954/ 15/24

22. Felson DT, Zhang Y. An update on the epidemiology of knee and hip osteoarthritis with a view to
prevention. Arthritis Rheum. 1998;41:1343–1355. doi: 10.1002/1529-0131(199808)41:8<1343::AID-
ART3>3.0.CO;2-9. [PubMed] [Cross Ref]

23. Wells T, Davidson C, et al. Age-related changes in the composition, the molecular stoichiometry
and the stability of proteoglycan aggregates extracted from human articular cartilage. Biochem J.
2003;370:69–79. doi: 10.1042/bj20020968. [PMC free article] [PubMed] [Cross Ref]

24. Chen AC, Temple MM, Ng DM, TeKoppele JM, et al. Induction of advanced glycation end
products and alterations of the tensile properties of articular cartilage. Arthritis Rheum. 2002;46:3212–
3217. doi: 10.1002/art.10627. [PubMed] [Cross Ref]

25. Loeser R. Aging and osteoarthritis: the role of chondrocyte senescence and aging changes in the
cartilage matrix. Osteo Cart. 2009;17:971–979. doi: 10.1016/j.joca.2009.03.002. [PMC free article]
[PubMed] [Cross Ref]

26. Mitchell PG, Magna HA, Reeves LM, et al. Cloning, expression, and type II collagenolytic activity
of matrix metalloproteinase-13 from human osteoarthritic cartilage. J Clin Invest. 1996;97:761–768.
doi: 10.1172/JCI118475. [PMC free article] [PubMed] [Cross Ref]

27. Goldring MB. Osteoarthritis and cartilage: the role of cytokines. Curr Rheumatol Rep.
2000;2(6):459–465. doi: 10.1007/s11926-000-0021-y. [PubMed] [Cross Ref]

28. Sandell LJ, Aigner T. Articular cartilage and changes in arthritis. An introduction: cell biology of
osteoarthritis. Arthritis Res. 2001;3:107–113. doi: 10.1186/ar148. [PMC free article] [PubMed]
[Cross Ref]

29. Billinghurst RC, Dahlberg L, Ionescu M, et al. Enhanced cleavage of type II collagen by
collagenases in osteoarthritic articular cartilage. J Clin Invest. 1997;99:1534–1545. doi:
10.1172/JCI119316. [PMC free article] [PubMed] [Cross Ref]

30. Ohta S, Imai K, Yamashita K, et al. Expression of matrix metalloproteinase 7 (matrilysin) in human
osteoarthritic cartilage. Lab Invest. 1998;78:79–87. [PubMed]

31. Amin A, Abramson S. The role of nitric oxide in articular cartilage breakdown in osteoarthritis.
Curr Opin Rheumatol. 1998;10:263–268. doi: 10.1097/00002281-199805000-00018. [PubMed]
[Cross Ref]

32. Hashimoto S, Ochs RL, Rosen F, et al. Chondrocyte-derived apoptotic bodies and calcification of
articular cartilage. Proc Natl Acad Sci U S A. 1998;95:3094–3099. doi: 10.1073/pnas.95.6.3094.
[PMC free article] [PubMed] [Cross Ref]

33. Lippiello L, Hall D, Mankin HJ. Collagen synthesis in normal and osteoarthritic cartilage. J Clin
Invest. 1977;59:593–600. doi: 10.1172/JCI108676. [PMC free article] [PubMed] [Cross Ref]

34. Eyre D, McDevitt CA, Billingham MEJ, et al. Biosynthesis of collagen and other matrix proteins
by articular cartilage in experimental osteoarthritis. Biochem J. 1980;188:823–837. doi:
10.1042/bj1880823. [PMC free article] [PubMed] [Cross Ref]

35. Collins D, McElligott T. Sulphate (35SO4) uptake by chondrocytes in relation to histological
changes in osteoarthritic human articular cartilage. Ann Rheum Dis. 1960;19:318–330. doi:
10.1136/ard.19.4.318. [PMC free article] [PubMed] [Cross Ref]

36. McDevitt CA, Muir H. Biochemical changes in the cartilage of the knee in experimental and
natural osteoarthritis in the dog. J Bone Joint Surg Brit. 1976;58:94–101. [PubMed]

https://www.ncbi.nlm.nih.gov/pubmed/9704632
https://dx.doi.org/10.1002%2F1529-0131(199808)41%3A8%3C1343%3A%3AAID-ART3%3E3.0.CO%3B2-9
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1223159/
https://www.ncbi.nlm.nih.gov/pubmed/12431185
https://dx.doi.org/10.1042%2Fbj20020968
https://www.ncbi.nlm.nih.gov/pubmed/12483725
https://dx.doi.org/10.1002%2Fart.10627
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2713363/
https://www.ncbi.nlm.nih.gov/pubmed/19303469
https://dx.doi.org/10.1016%2Fj.joca.2009.03.002
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC507114/
https://www.ncbi.nlm.nih.gov/pubmed/8609233
https://dx.doi.org/10.1172%2FJCI118475
https://www.ncbi.nlm.nih.gov/pubmed/11123098
https://dx.doi.org/10.1007%2Fs11926-000-0021-y
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC128887/
https://www.ncbi.nlm.nih.gov/pubmed/11178118
https://dx.doi.org/10.1186%2Far148
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC507973/
https://www.ncbi.nlm.nih.gov/pubmed/9119997
https://dx.doi.org/10.1172%2FJCI119316
https://www.ncbi.nlm.nih.gov/pubmed/9461124
https://www.ncbi.nlm.nih.gov/pubmed/9608331
https://dx.doi.org/10.1097%2F00002281-199805000-00018
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC19700/
https://www.ncbi.nlm.nih.gov/pubmed/9501221
https://dx.doi.org/10.1073%2Fpnas.95.6.3094
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC372262/
https://www.ncbi.nlm.nih.gov/pubmed/845251
https://dx.doi.org/10.1172%2FJCI108676
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1161967/
https://www.ncbi.nlm.nih.gov/pubmed/7470037
https://dx.doi.org/10.1042%2Fbj1880823
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1007162/
https://www.ncbi.nlm.nih.gov/pubmed/13694746
https://dx.doi.org/10.1136%2Fard.19.4.318
https://www.ncbi.nlm.nih.gov/pubmed/131804


3/9/2018 Mesenchymal stem cell therapy in the treatment of osteoarthritis: reparative pathways, safety and efficacy – a review

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4880954/ 16/24

37. Mankin HJ, Johnson ME, Lippiello L. Biochemical and metabolic abnormalities in articular
cartilage from osteoarthritic human hips. III. Distribution and metabolism of amino sugar-containing
macromolecules. J Bone Joint Surg Am. 1981;63(1):31–139. [PubMed]

38. Mitrovic D, Gruson M, Demignon J, et al. Metabolism of human femoral head cartilage in
osteoarthrosis and subcapital fracture. Ann Rheum Dis. 1981;40:18–26. doi: 10.1136/ard.40.1.18.
[PMC free article] [PubMed] [Cross Ref]

39. Ryu J, Treadwell BV, Mankin HJ. Biochemical and metabolic abnormalities in normal and
osteoarthritic human articular cartilage. Arthritis Rheum. 1984;27:49–57. doi: 10.1002/art.1780270109.
[PubMed] [Cross Ref]

40. Aigner T, Dudhia J. Phenotypic modulation of chondrocytes as a potential therapeutic target in
osteoarthritis: a hypothesis. Ann Rheum Dis. 1997;56:287–291. doi: 10.1136/ard.56.5.287.
[PMC free article] [PubMed] [Cross Ref]

41. Girkontaite I, Frischholz S, Lammi P, et al. Immunolocalization of type X collagen in normal fetal
and adult osteoarthritic cartilage with monoclonal antibodies. Matrix Biol. 1996;15:231–238. doi:
10.1016/S0945-053X(96)90114-6. [PubMed] [Cross Ref]

42. Barry FP. Mesenchymal stem cell therapy in joint disease. Nov Found Symp. 2003;249:86–89. doi:
10.1002/0470867973.ch7. [PubMed] [Cross Ref]

43. Im GI, Shin YW, Lee KB. Do adipose tissue-derived mesenchymal stem cells have the same
osteogenic and chondrogenic potential as bone marrow-derived cells? Osteoarthritis Cartilage.
2005;13:845–853. doi: 10.1016/j.joca.2005.05.005. [PubMed] [Cross Ref]

44. Fahy N, de Vreis-van Melle ML, Lehmann J, et al. Human osteoarthritis synovium impact
chondrogenic differentiation of mesencymal stem cells via macrophage polarization state.
Osteoarthritis Cartilage. 2014;22(8):1167–1175. doi: 10.1016/j.joca.2014.05.021. [PubMed]
[Cross Ref]

45. Sellam J, Berenbaum F. The role of synovitis in pathophysiology and clinical symptoms of
osteoarthritis. Nat Rev Rheumatol. 2010;6(11):625–635. doi: 10.1038/nrrheum.2010.159. [PubMed]
[Cross Ref]

46. Murphy JM, Dixon K, Beck S, et al. Reduced chondrogenic and adipogenic activity of
mesenchymal stem cells from patients with advanced osteoarthritis. Arthritis Rheum. 2002;46:704–
713. doi: 10.1002/art.10118. [PubMed] [Cross Ref]

47. Barry F, Murphy M. Mesenchymal stem cells in joint disease and repair. Nat Rev Rheumatol.
2013;9:584–594. doi: 10.1038/nrrheum.2013.109. [PubMed] [Cross Ref]

48. Barry FP. Biology and clinical applications of mesenchymal stem cells. Birth Defects Res C
Embryo Today. 2003;69:250–256. doi: 10.1002/bdrc.10021. [PubMed] [Cross Ref]

49. Abramson SB, Attur M. Developments in the scientific understanding of osteoarthritis. Arhtritis
Res Ther. 2009;11(3):227. doi: 10.1186/ar2655. [PMC free article] [PubMed] [Cross Ref]

50. Pelletier JP, Martel-Pelletier J, Abramson SB. Osteoarthritis, an inflammatory disease: potential
implication for the selection of new therapeutic targets. Arthritis Rheum. 2001;44:1237–1247. doi:
10.1002/1529-0131(200106)44:6<1237::AID-ART214>3.0.CO;2-F. [PubMed] [Cross Ref]

51. Vaananen HK. Mesenchymal stem cells. Ann Med. 2005;37(7):469–479. doi:
10.1080/07853890500371957. [PubMed] [Cross Ref]

https://www.ncbi.nlm.nih.gov/pubmed/7451514
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1000649/
https://www.ncbi.nlm.nih.gov/pubmed/7469522
https://dx.doi.org/10.1136%2Fard.40.1.18
https://www.ncbi.nlm.nih.gov/pubmed/6691859
https://dx.doi.org/10.1002%2Fart.1780270109
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1752376/
https://www.ncbi.nlm.nih.gov/pubmed/9175928
https://dx.doi.org/10.1136%2Fard.56.5.287
https://www.ncbi.nlm.nih.gov/pubmed/8892223
https://dx.doi.org/10.1016%2FS0945-053X(96)90114-6
https://www.ncbi.nlm.nih.gov/pubmed/12708651
https://dx.doi.org/10.1002%2F0470867973.ch7
https://www.ncbi.nlm.nih.gov/pubmed/16129630
https://dx.doi.org/10.1016%2Fj.joca.2005.05.005
https://www.ncbi.nlm.nih.gov/pubmed/24911520
https://dx.doi.org/10.1016%2Fj.joca.2014.05.021
https://www.ncbi.nlm.nih.gov/pubmed/20924410
https://dx.doi.org/10.1038%2Fnrrheum.2010.159
https://www.ncbi.nlm.nih.gov/pubmed/11920406
https://dx.doi.org/10.1002%2Fart.10118
https://www.ncbi.nlm.nih.gov/pubmed/23881068
https://dx.doi.org/10.1038%2Fnrrheum.2013.109
https://www.ncbi.nlm.nih.gov/pubmed/14671778
https://dx.doi.org/10.1002%2Fbdrc.10021
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2714096/
https://www.ncbi.nlm.nih.gov/pubmed/19519925
https://dx.doi.org/10.1186%2Far2655
https://www.ncbi.nlm.nih.gov/pubmed/11407681
https://dx.doi.org/10.1002%2F1529-0131(200106)44%3A6%3C1237%3A%3AAID-ART214%3E3.0.CO%3B2-F
https://www.ncbi.nlm.nih.gov/pubmed/16278160
https://dx.doi.org/10.1080%2F07853890500371957


3/9/2018 Mesenchymal stem cell therapy in the treatment of osteoarthritis: reparative pathways, safety and efficacy – a review

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4880954/ 17/24

52. Barry FP, Murphy JM. Mesenchymal stem cells: clinical applications and biological
characterization. Int J Biochem Cell Biol. 2004;36(4):568–584. doi: 10.1016/j.biocel.2003.11.001.
[PubMed] [Cross Ref]

53. Arinzeh TL. Mesenchymal stem cells for bone repair: preclinical studies and potential orthopaedic
applications. Foot Ankle Clin. 2005;10(4):651–665. doi: 10.1016/j.fcl.2005.06.004. [PubMed]
[Cross Ref]

54. Noel D, Djouad F, Jorgense C. Regenerative medicine through mesenchymal stem cells for bone
and cartilage repair. Curr Opin Investig Drugs. 2002;3(7):1000–1004. [PubMed]

55. Zhou S, Eid K, Glowacki J. Cooperation between TGF-beta and Wnt pathways during chondrocyte
and adipocyte differentiation of human marrow stromal cells. J Bone Miner. 2004;19:463–470. doi:
10.1359/JBMR.0301239. [PubMed] [Cross Ref]

56. Longobardi L, O'Rear L, Aakula S, et al. Effect of IGF-I in the chondrogenesis of bone marrow
mesenchymal stem cells in the presence or absence of TGF-beta signaling. J Bone Miner.
2006;21:626–636. doi: 10.1359/jbmr.051213. [PubMed] [Cross Ref]

57. Bosnakovski D, Mizuno M, Kim G, et al. Isolation and multilineage differentiation of bovine bone
marrow mesenchymal stem cells. Cell Tissue Res. 2005;319:243–253. doi: 10.1007/s00441-004-1012-
5. [PubMed] [Cross Ref]

58. Knippenberg M, Helder MN, Zandieh Doulabi B, et al. Osteogenesis versus chondrogenesis by
BMP-2 and BMP-7 in adipose stem cells. Biochem Biophys Res. 2006;342:902–908. doi:
10.1016/j.bbrc.2006.02.052. [PubMed] [Cross Ref]

59. Solchaga LA, Temenoff JS, Gao J, et al. Repair of osteochondral defects with hyaluronan- and
polyester-based scaffolds. Osteoarthritis Cartilage. 2005;13:297–309. doi: 10.1016/j.joca.2004.12.016.
[PubMed] [Cross Ref]

60. Caplan A. What are MSCs therapeutic? New data: new insight. J Pathol. 2009;217:318–324. doi:
10.1002/path.2469. [PubMed] [Cross Ref]

61. Djouad F, Bouffi C, Ghannam S, et al. Mesenchymal stem cell: innovative therapeutic tools for
rheumatic diseases. Nat Rev Rheumatol. 2009;5:392–399. doi: 10.1038/nrrheum.2009.104. [PubMed]
[Cross Ref]

62. Caplan AI, Correa D. The MSC: an injury drugstore. Cell Stem Cell. 2011;9(1):11–15. doi:
10.1016/j.stem.2011.06.008. [PMC free article] [PubMed] [Cross Ref]

63. Nakagami H, Morishita R, et al. Adipose tissue-derived stromal cells as a novel option for
regenerative cell therapy. J Atheroscler Thromb. 2006;13(2):77. doi: 10.5551/jat.13.77. [PubMed]
[Cross Ref]

64. Caplan AI. Mesenchymal stem cells. J Orth Res. 1991;9(5):641–650. doi: 10.1002/jor.1100090504.
[PubMed] [Cross Ref]

65. Wu L, Leijten JC, Georgi N, et al. Trophic effects of mesenchymal stem cells increase chondrocyte
proliferation and matrix formation. Tissue Eng. 2011;17(9-10):1425–1436. doi:
10.1089/ten.tea.2010.0517. [PubMed] [Cross Ref]

66. de Windt T, Saris DB, Slaper-Cortenbach IC, et al. Direct cell–cell contact with chondrocytes is a
key mechanism in multipotent mesenchymal stromal cell-mediated chondrogenesis. Tissue Eng Part A.
2015;21(19-20):2536–2547. doi: 10.1089/ten.tea.2014.0673. [PubMed] [Cross Ref]

https://www.ncbi.nlm.nih.gov/pubmed/15010324
https://dx.doi.org/10.1016%2Fj.biocel.2003.11.001
https://www.ncbi.nlm.nih.gov/pubmed/16297825
https://dx.doi.org/10.1016%2Fj.fcl.2005.06.004
https://www.ncbi.nlm.nih.gov/pubmed/12186258
https://www.ncbi.nlm.nih.gov/pubmed/15040835
https://dx.doi.org/10.1359%2FJBMR.0301239
https://www.ncbi.nlm.nih.gov/pubmed/16598383
https://dx.doi.org/10.1359%2Fjbmr.051213
https://www.ncbi.nlm.nih.gov/pubmed/15654654
https://dx.doi.org/10.1007%2Fs00441-004-1012-5
https://www.ncbi.nlm.nih.gov/pubmed/16500625
https://dx.doi.org/10.1016%2Fj.bbrc.2006.02.052
https://www.ncbi.nlm.nih.gov/pubmed/15780643
https://dx.doi.org/10.1016%2Fj.joca.2004.12.016
https://www.ncbi.nlm.nih.gov/pubmed/19023885
https://dx.doi.org/10.1002%2Fpath.2469
https://www.ncbi.nlm.nih.gov/pubmed/19568253
https://dx.doi.org/10.1038%2Fnrrheum.2009.104
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3144500/
https://www.ncbi.nlm.nih.gov/pubmed/21726829
https://dx.doi.org/10.1016%2Fj.stem.2011.06.008
https://www.ncbi.nlm.nih.gov/pubmed/16733294
https://dx.doi.org/10.5551%2Fjat.13.77
https://www.ncbi.nlm.nih.gov/pubmed/1870029
https://dx.doi.org/10.1002%2Fjor.1100090504
https://www.ncbi.nlm.nih.gov/pubmed/21247341
https://dx.doi.org/10.1089%2Ften.tea.2010.0517
https://www.ncbi.nlm.nih.gov/pubmed/26166387
https://dx.doi.org/10.1089%2Ften.tea.2014.0673


3/9/2018 Mesenchymal stem cell therapy in the treatment of osteoarthritis: reparative pathways, safety and efficacy – a review

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4880954/ 18/24

67. Caplan AI. Adult mesenchymal stem cells for tissue engineering versus regenerative medicine. J
Cell Physiol. 2007;213:341–347. doi: 10.1002/jcp.21200. [PubMed] [Cross Ref]

68. Diekman B, et al. Chondrogenesis of adult stem cells from adipose tissue and bone marrow:
induction by growth factors and cartilage matrix. Tissue Eng. 2010;16(2):523–533. doi:
10.1089/ten.tea.2009.0398. [PMC free article] [PubMed] [Cross Ref]

69. Kern S, Eichler JS, Kluter H, et al. Comparative analysis of mesenchymal stem cells from bone
marrow, umbilical cord blood, or adipose tissue. Stem Cells. 2006;24(5):1294–1301. doi:
10.1634/stemcells.2005-0342. [PubMed] [Cross Ref]

70. Lo Surdo J, Bauer SR. Quantitative approaches to detect done and passage differences in
adipogenic potential and clonogenicity in human bone marrow derived mesenchymal stem cells. Tissue
Eng. 2012;18(11):1–13. [PMC free article] [PubMed]

71. Dominici M, Le Blanc K, et al. Minimal criteria for defining mulipotent mesenchymal stromal
cells. The international society for cellular therapy position statement. Cytotherapy. 2006;8:315. doi:
10.1080/14653240600855905. [PubMed] [Cross Ref]

72. Peng L, et al. Comparative analysis of mesenchymal stem cells from bone marrow, cartilage, and
adipose tissue. Stem Cells Dev. 2008;17(4):761–774. doi: 10.1089/scd.2007.0217. [PubMed]
[Cross Ref]

73. Alvarez-Viejo M, et al. Quantifying mesenchymal stem cells in the mononuclear cell fraction of
bone marrow samples obtained for cell therapy. Trans Proc. 2013;45(1):434–439. doi:
10.1016/j.transproceed.2012.05.091. [PubMed] [Cross Ref]

74. Kern S, Eichler H, Stoeve J, et al. Comparative analysis of mesenchymal stem cells from bone
marrow, umbilical cord blood, or adipose tissue. Stem Cells. 2006;24:1294–1301. doi:
10.1634/stemcells.2005-0342. [PubMed] [Cross Ref]

75. Lee RH, et al. Characterization and expression analysis of mesenchymal stem cells from human
bone marrow and adipose tissue. Cell Physiol Biochem. 2004;14(4-6):311–324. doi:
10.1159/000080341. [PubMed] [Cross Ref]

76. Zuk PA, et al. Human adipose tissue is a source of multipotent stem cells. Mol Biol Cell.
2002;13(12):4279–4295. doi: 10.1091/mbc.E02-02-0105. [PMC free article] [PubMed] [Cross Ref]

77. De Ugarte DA, et al. Comparison of multi-lineage cells from human adipose tissue and bone
marrow. Cells Tissues Organs. 2003;174(3):101–109. doi: 10.1159/000071150. [PubMed] [Cross Ref]

78. Baksh D, Yao R, Tuan R. Comparison of proliferative and multilineage differentiation potential of
human mesenchymal stem cells derived from umbilical cord and bone marrow. Stem Cells.
2007;25(6):1384–1392. doi: 10.1634/stemcells.2006-0709. [PubMed] [Cross Ref]

79. Nekanti U, et al. Long-term expansion and pluripotent marker array analysis of Wharton’s jelly-
derived mesenchymal stem cells. Stem Cells Dev. 2010;19(1):117–130. doi: 10.1089/scd.2009.0177.
[PubMed] [Cross Ref]

80. Subramanian A, et al. Human umbilical cord Wharton’s jelly mesenchymal stem cells do not
transform to tumor-associated fibroblasts in the presence of breast and ovarian cancer cells unlike bone
marrow mesenchymal stem cells. J Cell Biochem. 2012;113(6):1886–1895. doi: 10.1002/jcb.24057.
[PubMed] [Cross Ref]

81. Le Blanc K, Tammik C, Rosendahl K, et al. HLA expression and immunologic properties of
differentiated and undifferentiated mesenchymal stem cells. Exp Hematol. 2003;31:890–896. doi:
10.1016/S0301-472X(03)00110-3. [PubMed] [Cross Ref]

https://www.ncbi.nlm.nih.gov/pubmed/17620285
https://dx.doi.org/10.1002%2Fjcp.21200
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2813149/
https://www.ncbi.nlm.nih.gov/pubmed/19715387
https://dx.doi.org/10.1089%2Ften.tea.2009.0398
https://www.ncbi.nlm.nih.gov/pubmed/16410387
https://dx.doi.org/10.1634%2Fstemcells.2005-0342
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3483050/
https://www.ncbi.nlm.nih.gov/pubmed/22563812
https://www.ncbi.nlm.nih.gov/pubmed/16923606
https://dx.doi.org/10.1080%2F14653240600855905
https://www.ncbi.nlm.nih.gov/pubmed/18393634
https://dx.doi.org/10.1089%2Fscd.2007.0217
https://www.ncbi.nlm.nih.gov/pubmed/23375334
https://dx.doi.org/10.1016%2Fj.transproceed.2012.05.091
https://www.ncbi.nlm.nih.gov/pubmed/16410387
https://dx.doi.org/10.1634%2Fstemcells.2005-0342
https://www.ncbi.nlm.nih.gov/pubmed/15319535
https://dx.doi.org/10.1159%2F000080341
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC138633/
https://www.ncbi.nlm.nih.gov/pubmed/12475952
https://dx.doi.org/10.1091%2Fmbc.E02-02-0105
https://www.ncbi.nlm.nih.gov/pubmed/12835573
https://dx.doi.org/10.1159%2F000071150
https://www.ncbi.nlm.nih.gov/pubmed/17332507
https://dx.doi.org/10.1634%2Fstemcells.2006-0709
https://www.ncbi.nlm.nih.gov/pubmed/19619003
https://dx.doi.org/10.1089%2Fscd.2009.0177
https://www.ncbi.nlm.nih.gov/pubmed/22234854
https://dx.doi.org/10.1002%2Fjcb.24057
https://www.ncbi.nlm.nih.gov/pubmed/14550804
https://dx.doi.org/10.1016%2FS0301-472X(03)00110-3


3/9/2018 Mesenchymal stem cell therapy in the treatment of osteoarthritis: reparative pathways, safety and efficacy – a review

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4880954/ 19/24

82. Brittberg M, Lindahl A, Nilsson A, et al. Treatment of deep cartilage defects in the knee with
autologous chondrocyte transplantation. N Engl J Med. 1994;331:889–895. doi:
10.1056/NEJM199410063311401. [PubMed] [Cross Ref]

83. Brittberg M, Nilsson A, Lindahl A, et al. Rabbit articular cartilage defects treated with autologous
cultured chondrocytes. Clin Orthop Relat Res. 1996;326:270–83. doi: 10.1097/00003086-199605000-
00034. [PubMed] [Cross Ref]

84. Chiang H, et al. Repair of porcine articular cartilage defect with autologous chondrocyte
transplantation. J Orthop Res. 2005;23(3):584–593. doi: 10.1016/j.orthres.2004.11.003. [PubMed]
[Cross Ref]

85. Rahfoth B, Weisser J, Sternkopf F, et al. Transplantation of allograft chondrocytes embedded in
agarose gel into cartilage defects of rabbits. Osteoarthritis Cartilage. 1998;6:50–65. doi:
10.1053/joca.1997.0092. [PubMed] [Cross Ref]

86. Peterson L, Minas T, Brittberg M, et al. Two- to 9-year outcome after autologous chondrocyte
transplantation of the knee. Clin Orthop Relat Res. 2000;374:212–234. doi: 10.1097/00003086-
200005000-00020. [PubMed] [Cross Ref]

87. Ahsan T, Lottman LM, Harwood F, et al. Integrative cartilage repair: inhibition by beta-
aminopropionitrile. J Orthop Res. 1999;17:850–857. doi: 10.1002/jor.1100170610. [PubMed]
[Cross Ref]

88. von der Mark K, Gauss V, von der Mark H, et al. Relationship between cell shape and type of
collagen synthesized as chondrocytes lose their cartilage phenotype in culture. Nature. 1977;267:531–
532. doi: 10.1038/267531a0. [PubMed] [Cross Ref]

89. Marlovits S, Hombauer M, Truppe M. Changes in the ratio of type-I and type-II collagen
expression during monolayer culture of human chondrocytes. J Bone Joint Surg Br. 2004;86:286–295.
doi: 10.1302/0301-620X.86B2.14918. [PubMed] [Cross Ref]

90. Roberts S, et al. Autologous chondrocyte implantation for cartilage repair: monitoring its success
by magnetic resonance imaging and histology. Arthritis Res Ther. 2003;5(1):60–73. doi:
10.1186/ar613. [PMC free article] [PubMed] [Cross Ref]

91. Steadman JR, Brigss KK, Rodrigo JJ, et al. Outcomes of microfracture for traumatic chodnral
defects of the knee: average 11-year follow-up, arthroscopy. J Arthro Relat Surg. 2003;19(5):477–484.
doi: 10.1053/jars.2003.50112. [PubMed] [Cross Ref]

92. Jakobsen RB, Engebtretsen L, Slauterbeck JR. An analysis of the quality of cartilage repair studies.
J Bone Joint Surg Am. 2005;87(10):2232–2239. doi: 10.2106/JBJS.D.02904. [PubMed] [Cross Ref]

93. Magnussen RA, Dunn WR, Carey JL, et al. Treatment of focal articular cartilage defects in the
knee: a systematic review. Clin Orthop Relat Res. 2008;466(4):952–962. doi: 10.1007/s11999-007-
0097-z. [PMC free article] [PubMed] [Cross Ref]

94. Hunt S, Sherman O. Arthroscopic treatment of osteochondral lesions of the talus with correlation of
outcome scoring systems. J Arthro Rel Surg. 2003;19(4):360–367. doi: 10.1053/jars.2003.50047.
[PubMed] [Cross Ref]

95. Mithoefer K, McADmas T, Willians RJ, et al. Clinical efficacy of the microfracture technique for
articular cartilage repair in the knee: and evidence-based systematic analysis. Am J Sports Med.
2009;37(10):2053–2056. doi: 10.1177/0363546508328414. [PubMed] [Cross Ref]

96. Steinwachs MR, Guggi T, Kreuz PC. Marrow stimulation techniques. Injury. 2008;39(1):S26–31.
doi: 10.1016/j.injury.2008.01.042. [PubMed] [Cross Ref]

https://www.ncbi.nlm.nih.gov/pubmed/8078550
https://dx.doi.org/10.1056%2FNEJM199410063311401
https://www.ncbi.nlm.nih.gov/pubmed/8620653
https://dx.doi.org/10.1097%2F00003086-199605000-00034
https://www.ncbi.nlm.nih.gov/pubmed/15885479
https://dx.doi.org/10.1016%2Fj.orthres.2004.11.003
https://www.ncbi.nlm.nih.gov/pubmed/9616439
https://dx.doi.org/10.1053%2Fjoca.1997.0092
https://www.ncbi.nlm.nih.gov/pubmed/10818982
https://dx.doi.org/10.1097%2F00003086-200005000-00020
https://www.ncbi.nlm.nih.gov/pubmed/10632452
https://dx.doi.org/10.1002%2Fjor.1100170610
https://www.ncbi.nlm.nih.gov/pubmed/559947
https://dx.doi.org/10.1038%2F267531a0
https://www.ncbi.nlm.nih.gov/pubmed/15046449
https://dx.doi.org/10.1302%2F0301-620X.86B2.14918
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC154433/
https://www.ncbi.nlm.nih.gov/pubmed/12716454
https://dx.doi.org/10.1186%2Far613
https://www.ncbi.nlm.nih.gov/pubmed/12724676
https://dx.doi.org/10.1053%2Fjars.2003.50112
https://www.ncbi.nlm.nih.gov/pubmed/16203888
https://dx.doi.org/10.2106%2FJBJS.D.02904
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2504649/
https://www.ncbi.nlm.nih.gov/pubmed/18196358
https://dx.doi.org/10.1007%2Fs11999-007-0097-z
https://www.ncbi.nlm.nih.gov/pubmed/12671618
https://dx.doi.org/10.1053%2Fjars.2003.50047
https://www.ncbi.nlm.nih.gov/pubmed/19251676
https://dx.doi.org/10.1177%2F0363546508328414
https://www.ncbi.nlm.nih.gov/pubmed/18313469
https://dx.doi.org/10.1016%2Fj.injury.2008.01.042


3/9/2018 Mesenchymal stem cell therapy in the treatment of osteoarthritis: reparative pathways, safety and efficacy – a review

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4880954/ 20/24

97. Hangody L, Füles P. Autologous osteochondral mosaicplasty for the treatment of full-thickness
defects of weight-bearing joints. J Bone Joint Surg. 2003;85(2):25–32. [PubMed]

98. Bodo G, Hangody L, Szabo Z, et al. Arthroscopic autologous osteochondral mosaicplasty for the
treatment of subchondral cystic lesion in the medial femoral condyle in a horse. Acta Vet Hung.
2000;48:343–354. doi: 10.1556/AVet.48.2000.3.11. [PubMed] [Cross Ref]

99. Wohl G, Goplen G, Ford J, et al. Mechanical integrity of subchondral bone in osteochondral
autografts and allografts. Can J Surg. 1998;41:228–233. [PMC free article] [PubMed]

100. Bentley G, Biant LC, Carrington RW. A prospective, randomized comparison of autologous
chondrocyte implantation versus mosaicplasty for osteochondral defects in the knee. J Bone Joint Surg
Br. 2003;85(2):223–230. doi: 10.1302/0301-620X.85B2.13543. [PubMed] [Cross Ref]

101. Im GI, Kim DY, Shin JH, et al. Repair of cartilage defect in the rabbit with cultured mesenchymal
stem cells from bone marrow. J Bone Joint Surg Br. 2001;83:289–294. doi: 10.1302/0301-
620X.83B2.10495. [PubMed] [Cross Ref]

102. Grigolo B, Lisignoli G, Desando G, Cavallo C, Marconi E, Tschon M, Giavaresi G, Fini M,
Giardino R, et al. Osteoarthritis treated with mesenchymal stem cells on hyaluronan-based scaffold in
rabbit. Tissue Eng Part C Methods. 2009;15:647–658. doi: 10.1089/ten.tec.2008.0569. [PubMed]
[Cross Ref]

103. Cui L, Wu Y, Cen L, et al. Repair of articular cartilage defect in non-weight bearing areas using
adipose derived stem cells loaded polyglycolic acid mesh. Biomaterials. 2009;30(14):2683–2693. doi:
10.1016/j.biomaterials.2009.01.045. [PubMed] [Cross Ref]

104. Dragoo J, et al. Healing full-thickness cartilage defects using adipose-derived stem cells. Tissue
Eng. 2007;13(7):1615–1621. doi: 10.1089/ten.2006.0249. [PubMed] [Cross Ref]

105. Wakitani S, Goto T, Pineda SJ, et al. Mesenchymal cell-based repair of large, full-thickness
defects of articular cartilage. J Bone Joint Surg Am. 1994;76:579–592. [PubMed]

106. Liu Y, Shu XZ, Prestwich GD. Osteochondral defect repair with autologous bone marrow-derived
mesenchymal stem cells in an injectable, in situ, cross-linked synthetic extracellular matrix. Tissue
Eng. 2006;12:3405–3416. doi: 10.1089/ten.2006.12.3405. [PubMed] [Cross Ref]

107. Alfaqeh H, Norhamdan MY, Chua KH, et al. Cell based therapy for osteoarthritis in a sheep
model: gross and histological assessment. Med J Malaysia. 2008;63(Suppl A):37–38. [PubMed]

108. Wakitani S, Imoto K, Yamamoto T, et al. Human autologous culture expanded bone marrow
mesenchymal cell transplantation for repair of cartilage defects in osteoarthritic knees. Osteoarthritis
Cartilage. 2002;10:199–206. doi: 10.1053/joca.2001.0504. [PubMed] [Cross Ref]

109. Nejadnik H, Hui JH, Feng Choong EP, et al. Autologous bone marrow-derived mesenchymal stem
cells versus autologous chondrocyte implantation: an observational cohort study. Am J Sports Med.
2010;38:1110–1116. doi: 10.1177/0363546509359067. [PubMed] [Cross Ref]

110. Johnstone B, Hering TM, Caplan AI, et al. In vitro chondrogenesis of bone marrow-derived
mesenchymal progenitor cells. Exp Cell Res. 1998;238:265–272. doi: 10.1006/excr.1997.3858.
[PubMed] [Cross Ref]

111. Shen G. The role of type X collagen in facilitating and regulating endochondral ossification of
articular cartilage. Orthod Craniofac Res. 2005;8(1):11–17. doi: 10.1111/j.1601-6343.2004.00308.x.
[PubMed] [Cross Ref]

https://www.ncbi.nlm.nih.gov/pubmed/12721342
https://www.ncbi.nlm.nih.gov/pubmed/11402718
https://dx.doi.org/10.1556%2FAVet.48.2000.3.11
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3950166/
https://www.ncbi.nlm.nih.gov/pubmed/9627549
https://www.ncbi.nlm.nih.gov/pubmed/12678357
https://dx.doi.org/10.1302%2F0301-620X.85B2.13543
https://www.ncbi.nlm.nih.gov/pubmed/11284583
https://dx.doi.org/10.1302%2F0301-620X.83B2.10495
https://www.ncbi.nlm.nih.gov/pubmed/19249964
https://dx.doi.org/10.1089%2Ften.tec.2008.0569
https://www.ncbi.nlm.nih.gov/pubmed/19217157
https://dx.doi.org/10.1016%2Fj.biomaterials.2009.01.045
https://www.ncbi.nlm.nih.gov/pubmed/17518742
https://dx.doi.org/10.1089%2Ften.2006.0249
https://www.ncbi.nlm.nih.gov/pubmed/8150826
https://www.ncbi.nlm.nih.gov/pubmed/17518677
https://dx.doi.org/10.1089%2Ften.2006.12.3405
https://www.ncbi.nlm.nih.gov/pubmed/19024972
https://www.ncbi.nlm.nih.gov/pubmed/11869080
https://dx.doi.org/10.1053%2Fjoca.2001.0504
https://www.ncbi.nlm.nih.gov/pubmed/20392971
https://dx.doi.org/10.1177%2F0363546509359067
https://www.ncbi.nlm.nih.gov/pubmed/9457080
https://dx.doi.org/10.1006%2Fexcr.1997.3858
https://www.ncbi.nlm.nih.gov/pubmed/15667640
https://dx.doi.org/10.1111%2Fj.1601-6343.2004.00308.x


3/9/2018 Mesenchymal stem cell therapy in the treatment of osteoarthritis: reparative pathways, safety and efficacy – a review

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4880954/ 21/24

112. van Buul GM, Siebelt M, Leijs MJ, et al. Mesenchymal stem cells reduce pain but no degenerative
changes in a mono-iodoacetate rat model of osteoarthritis. J Orthop Res. 2014;32(9):1167–1174. doi:
10.1002/jor.22650. [PubMed] [Cross Ref]

113. Murphy JM, Fink DJ, Hunziker EB, et al. Stem cell therapy in a caprine model of osteoarthritis.
Arthritis Rheum. 2003;48:3464–3474. doi: 10.1002/art.11365. [PubMed] [Cross Ref]

114. Lee KB, Hui JH, Song IC, Ardany L, et al. Injectable mesenchymal stem cell therapy for large
cartilage defects—a porcine model. Stem Cell. 2007;25:2964–71. doi: 10.1634/stemcells.2006-0311.
[PubMed] [Cross Ref]

115. Saw KY, Hussin P, Loke SC, et al. Articular cartilage regeneration with autologous marrow
aspirate and hyaluronic acid: an experimental study in a goat model. Arthroscopy. 2009;25(12):1391–
1400. doi: 10.1016/j.arthro.2009.07.011. [PubMed] [Cross Ref]

116. Black L, Gaynor J, Adams C, et al. Effect of intra-articular injection of autologous adipose-
derived mesenchymal stem and regenerative cells on clinical signs of chronic osteoarthritis of the
elbow joint in dogs. Vet Ther. 2008;9:192–200. [PubMed]

117. Centeno C, Busse D, Kisiday J, et al. Increased knee cartilage volume in degenerative joint
disease using percutaneously implanted, autologous mesenchymal stem cells. Pain Physician.
2008;11(3):343–353. [PubMed]

118. Centeno C, Kisiday J, Freeman M, et al. Partial regeneration of the human hip via autologous bone
marrow nucleated cell transfer: a case study. Pain Physician. 2006;9:253–256. [PubMed]

119. Centeno C, Schultz J, Cheever M. Safety and complications reporting on the re-implantation of
culture-expanded mesenchymal stem cells using autologous platelet lysate technique. Curr Stem Cell.
2011;5(1):81–93. doi: 10.2174/157488810790442796. [PubMed] [Cross Ref]

120. Pak J. Regeneration of human bones in hip osteonecrosis and human cartilage in knee
osteoarthritis with autologous adipose derived stem cells: a case series. J Med Case Rep. 2001;5:296.
doi: 10.1186/1752-1947-5-296. [PMC free article] [PubMed] [Cross Ref]

121. Kuroda R, Ishida K, et al. Treatment of a full-thickness articular cartilage defect in the femoral
condyle of an athlete with autologous bone-marrow stromal cells. Osteoarthritis Cartilage.
2007;15:226–31. doi: 10.1016/j.joca.2006.08.008. [PubMed] [Cross Ref]

122. Emadedin M, Aghdami N, Taghiyar L, et al. Intra-articular injection of autologous mesenchymal
stem cells in six patients with knee osteoarthritis. Arch Iran Med. 2012;15(7):422–428. [PubMed]

123. Saw KY, et al. Articular cartilage regeneration with autologous peripheral blood stem cells versus
hyaluronic acid: a randomized controlled trial. Arthroscopy. 2013;29(4):684–694. doi:
10.1016/j.arthro.2012.12.008. [PubMed] [Cross Ref]

124. Vangsness CT, Farr J, Boyd J, et al. Adult human mesenchymal stem cells delivered via intra-
articular injection to the knee following partial medial meniscectomy. J Bone Joint Surg.
2014;96(2):90–98. doi: 10.2106/JBJS.M.00058. [PubMed] [Cross Ref]

125. Jo CH, Lee YG, Shin WH, et al. Intra-articular injection of mesenchymal stem cells for the
treatment of osteoarthritis of the knee: a proof of concept clinical trial. Stem Cells. 2014;32(5):1254–
1266. doi: 10.1002/stem.1634. [PubMed] [Cross Ref]

126. Vega A, et al. Treatment of knee osteoarthritis with allogeneic bone marrow mesenchymal stem
cells: a randomized controlled trial. Transplantation. 2015;99(8):1681–90. doi:
10.1097/TP.0000000000000678. [PubMed] [Cross Ref]

https://www.ncbi.nlm.nih.gov/pubmed/24839120
https://dx.doi.org/10.1002%2Fjor.22650
https://www.ncbi.nlm.nih.gov/pubmed/14673997
https://dx.doi.org/10.1002%2Fart.11365
https://www.ncbi.nlm.nih.gov/pubmed/17656639
https://dx.doi.org/10.1634%2Fstemcells.2006-0311
https://www.ncbi.nlm.nih.gov/pubmed/19962065
https://dx.doi.org/10.1016%2Fj.arthro.2009.07.011
https://www.ncbi.nlm.nih.gov/pubmed/19003780
https://www.ncbi.nlm.nih.gov/pubmed/18523506
https://www.ncbi.nlm.nih.gov/pubmed/16886034
https://www.ncbi.nlm.nih.gov/pubmed/19951252
https://dx.doi.org/10.2174%2F157488810790442796
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3154169/
https://www.ncbi.nlm.nih.gov/pubmed/21736710
https://dx.doi.org/10.1186%2F1752-1947-5-296
https://www.ncbi.nlm.nih.gov/pubmed/17002893
https://dx.doi.org/10.1016%2Fj.joca.2006.08.008
https://www.ncbi.nlm.nih.gov/pubmed/22724879
https://www.ncbi.nlm.nih.gov/pubmed/23380230
https://dx.doi.org/10.1016%2Fj.arthro.2012.12.008
https://www.ncbi.nlm.nih.gov/pubmed/24430407
https://dx.doi.org/10.2106%2FJBJS.M.00058
https://www.ncbi.nlm.nih.gov/pubmed/24449146
https://dx.doi.org/10.1002%2Fstem.1634
https://www.ncbi.nlm.nih.gov/pubmed/25822648
https://dx.doi.org/10.1097%2FTP.0000000000000678


3/9/2018 Mesenchymal stem cell therapy in the treatment of osteoarthritis: reparative pathways, safety and efficacy – a review

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4880954/ 22/24

127. Davatchi F, Sadeghi-Abdollahi B, Mohyeddin M, et al. Mesenchymal stem cell therapy for knee
osteoarthritis. Preliminary report of four patients. Int J Rheum Dis. 2011;14(2):211–215. doi:
10.1111/j.1756-185X.2011.01599.x. [PubMed] [Cross Ref]

128. ADIPOA Report Summary. CORDIS - European Commission,
http://cordis.europa.eu/result/rcn/156167_en.html. [Last Accessed 19 May 2016].

129. Tucker JD, Ericksen JJ, Goetz LL, et al. Should clinical studies involving “regenerative injection
therapy”, strive to incorporate a triad of outcome measures instead of only including clinical outcome
measures? Osteoarthritis Cartilage. 2014;22(6):715–717. doi: 10.1016/j.joca.2014.04.005. [PubMed]
[Cross Ref]

130. Qureshi A, Chaoji V, Maiguel D, et al. Proteomic and phospho-proteomic profile of human
platelets in Basal, resting state: insights into integrin signaling. PLoS One. 2009;4:e7627. doi:
10.1371/journal.pone.0007627. [PMC free article] [PubMed] [Cross Ref]

131. Zhu Y, et al. Basic science and clinical application of platelet-rich plasma for cartilage defects and
osteoarthritis: a review. Osteoarthritis Cartilage. 2013;21(11):1627–1637. doi:
10.1016/j.joca.2013.07.017. [PubMed] [Cross Ref]

132. Ng F, et al. PDGF, TGF-β, and FGF signaling is important for differentiation and growth of
mesenchymal stem cells (MSCs): transcriptional profiling can identify markers and signaling pathways
important in differentiation of MSCs into adipogenic, chondrogenic, and osteogenic lineages. Blood.
2008;112(2):295–307. doi: 10.1182/blood-2007-07-103697. [PubMed] [Cross Ref]

133. Song QH, et al. TGF- (beta) 1 and FGF-2 mRNA expression during fibroblast wound healing. J
Clin Pathol. 2002;55(3):164. [PMC free article] [PubMed]

134. Mifune Y, Matsumoto T, Takayama K, et al. The effect of platelet-rich plasma on the regenerative
therapy of muscle derived stem cells for articular cartilage repair. Osteoarthritis Cartilage.
2013;21(1):175–185. doi: 10.1016/j.joca.2012.09.018. [PubMed] [Cross Ref]

135. Weiss S, Hennig T, Bock R, et al. Impact of growth factors and PTHrP on early and late
chondrogenic differentiation of human mesenchymal stem cells. J Cell Physiol. 2010;223:84–93.
[PubMed]

136. Koh YG, Jo SB, Kwon OR, et al. Mesenchymal stem cell injections improve symptoms of knee
osteoarthritis. Arthroscopy. 2013;29:1e8. doi: 10.1016/j.arthro.2012.11.017. [PubMed] [Cross Ref]

137. Xie X, Wang Y, Zhao C, et al. Comparative evaluation of MSCs from bone marrow and adipose
tissue seeded in PRP-derived scaffold for cartilage regeneration. Biomaterials. 2012;33:7008e18. doi:
10.1016/j.biomaterials.2012.06.058. [PubMed] [Cross Ref]

138. Haleem AM, Singergy AA, Sabry D, et al. The clinical use of human culture-expanded autologous
bone marrow mesenchymal stem cells trans- planted on platelet-rich fibrin glue in the treatment of
articular cartilage defects: a pilot study and preliminary results. Cartilage. 2010;1:253e61. doi:
10.1177/1947603510366027. [PMC free article] [PubMed] [Cross Ref]

139. Lee HR, Park KM, Joung YK, Park KD, et al. Platelet-rich plasma loaded hydrogel scaffold
enhances chondrogenic differentiation and maturation with up-regulation of CB1 and CB2. J Control
Release. 2012;159(3):332–7. doi: 10.1016/j.jconrel.2012.02.008. [PubMed] [Cross Ref]

140. Giannini S, Buda R, Cavallo M, et al. Cartilage repair evolution in post-traumatic osteochondral
lesions of the talus: from open field autologous chondrocyte to bone-marrow-derived cells
transplantation. Injury. 2010;41:1196e203. [PubMed]

https://www.ncbi.nlm.nih.gov/pubmed/21518322
https://dx.doi.org/10.1111%2Fj.1756-185X.2011.01599.x
http://cordis.europa.eu/result/rcn/156167_en.html
https://www.ncbi.nlm.nih.gov/pubmed/24769241
https://dx.doi.org/10.1016%2Fj.joca.2014.04.005
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2762604/
https://www.ncbi.nlm.nih.gov/pubmed/19859549
https://dx.doi.org/10.1371%2Fjournal.pone.0007627
https://www.ncbi.nlm.nih.gov/pubmed/23933379
https://dx.doi.org/10.1016%2Fj.joca.2013.07.017
https://www.ncbi.nlm.nih.gov/pubmed/18332228
https://dx.doi.org/10.1182%2Fblood-2007-07-103697
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1187169/
https://www.ncbi.nlm.nih.gov/pubmed/12032227
https://www.ncbi.nlm.nih.gov/pubmed/23041435
https://dx.doi.org/10.1016%2Fj.joca.2012.09.018
https://www.ncbi.nlm.nih.gov/pubmed/20049852
https://www.ncbi.nlm.nih.gov/pubmed/23375182
https://dx.doi.org/10.1016%2Fj.arthro.2012.11.017
https://www.ncbi.nlm.nih.gov/pubmed/22818985
https://dx.doi.org/10.1016%2Fj.biomaterials.2012.06.058
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3002255/
https://www.ncbi.nlm.nih.gov/pubmed/21170288
https://dx.doi.org/10.1177%2F1947603510366027
https://www.ncbi.nlm.nih.gov/pubmed/22366523
https://dx.doi.org/10.1016%2Fj.jconrel.2012.02.008
https://www.ncbi.nlm.nih.gov/pubmed/20934692


3/9/2018 Mesenchymal stem cell therapy in the treatment of osteoarthritis: reparative pathways, safety and efficacy – a review

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4880954/ 23/24

141. Maniwa S, Ochi M, Motomura T, et al. Effects of hyaluronic acid and basic fibroblast growth
factor on motility of chondrocytes and synovial cells in culture. Acta Orthop Scand. 2001;72:299–303.
doi: 10.1080/00016470152846664. [PubMed] [Cross Ref]

142. Matsiko A, et al. Addition of hyaluronic acid improves cellular infiltration and promotes early-
stage chondrogenesis in a collagen-based scaffold for cartilage tissue engineering. J Mech Behav
Biomed Mater. 2012;11:41–52. doi: 10.1016/j.jmbbm.2011.11.012. [PubMed] [Cross Ref]

143. Zhu H, et al. The role of the hyaluronan receptor CD44 in mesenchymal stem cell migration in the
extracellular matrix. Stem Cells. 2006;24(4):928–935. doi: 10.1634/stemcells.2005-0186. [PubMed]
[Cross Ref]

144. Toole BP. Hyaluronan in morphogenesis. Seminars in cell & developmental biology. Academic
Press. 2001;12(2):79–87. [PubMed]

145. Snyder TN, et al. A fibrin/hyaluronic acid hydrogel for the delivery of mesenchymal stem cells
and potential for articular cartilage repair. J Biol Eng. 2014;8:10. doi: 10.1186/1754-1611-8-10.
[PMC free article] [PubMed] [Cross Ref]

146. US National Institutes of Health: ClinicalTrials.gov. http://clinicaltrials.gov/ct2/results?
term=mesenchymal+stem+cells&Search=Search. [Accessed June 2015].

147. Rubio D, Carcia-Castro J, Martin M, et al. Spontaneous human adult stem cell transformation.
Cancer Res. 2005;65:3035. [PubMed]

148. Rubio D, Carcia-Castro J, Martin M, et al. Retraction: Spontaneous human adult stem cell
transformation. Cancer Res. 2010;70:6682. doi: 10.1158/0008-5472.CAN-09-4640. [PubMed]
[Cross Ref]

149. Rosland GV, Svendsen A, Torsvik A, et al. Long-term cultures of bone marrow-derived human
mesenchymal stem cells frequently undergo spontaneous malignant transformation. Cancer Res.
2009;69:5531. doi: 10.1158/0008-5472.CAN-08-4630. [PubMed] [Cross Ref]

150. Torsvik A, Rosland GV, Svendsen A, et al. Spontaneous malignant transformation of human
mesenchymal stem cells reflects cross contamination: putting the research field on track – letter. Cancer
Res. 2010;70:6393. doi: 10.1158/0008-5472.CAN-10-1305. [PubMed] [Cross Ref]

151. Pan Q, Fouraschen SM, de Ruiter PE, et al. Detection of spontaneous tumorigenic transformation
during culture expansion of human mesenchymal stromal cell. Exp Biol Med. 2014;239(1):105–115.
doi: 10.1177/1535370213506802. [PubMed] [Cross Ref]

152. Bernardo M, Zaffaroni N, Novara F, et al. Human bone marrow-derived mesenchymal stem cells
do not undergo transformation after long term in vitro culture and do not exhibit telomere maintenance
mechanisms. Cancer Res. 2007;67:9142. doi: 10.1158/0008-5472.CAN-06-4690. [PubMed]
[Cross Ref]

153. Lalu ML, McIntyre L, et al. Safety of cell therapy with mesenchymal stromal cells (safe cell): a
systematic review and meta-analysis of clinical trials. PLoS One. 2012;7(10):e47559. doi:
10.1371/journal.pone.0047559. [PMC free article] [PubMed] [Cross Ref]

154. Peeters CM, Leijs MJ, et al. Safety of intra-articular cell-therapy with culture-expanded stem cells
in humans: a systematic literature review. Osteo Cartilage. 2013;21(10):1465–1473. doi:
10.1016/j.joca.2013.06.025. [PubMed] [Cross Ref]

155. Bielecki TM, Gazdzik TS, Arendt J, et al. Antibacterial effect of autologous platelet gel enriched
with growth factors and other active substances: an in vitro study. J Bone Joint Surg Br.
2007;89:417e20. [PubMed]

https://www.ncbi.nlm.nih.gov/pubmed/11480609
https://dx.doi.org/10.1080%2F00016470152846664
https://www.ncbi.nlm.nih.gov/pubmed/22658153
https://dx.doi.org/10.1016%2Fj.jmbbm.2011.11.012
https://www.ncbi.nlm.nih.gov/pubmed/16306150
https://dx.doi.org/10.1634%2Fstemcells.2005-0186
https://www.ncbi.nlm.nih.gov/pubmed/11292373
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4109069/
https://www.ncbi.nlm.nih.gov/pubmed/25061479
https://dx.doi.org/10.1186%2F1754-1611-8-10
http://clinicaltrials.gov/ct2/results?term=mesenchymal+stem+cells&Search=Search
https://www.ncbi.nlm.nih.gov/pubmed/15833829
https://www.ncbi.nlm.nih.gov/pubmed/20710046
https://dx.doi.org/10.1158%2F0008-5472.CAN-09-4640
https://www.ncbi.nlm.nih.gov/pubmed/19509230
https://dx.doi.org/10.1158%2F0008-5472.CAN-08-4630
https://www.ncbi.nlm.nih.gov/pubmed/20631079
https://dx.doi.org/10.1158%2F0008-5472.CAN-10-1305
https://www.ncbi.nlm.nih.gov/pubmed/24227633
https://dx.doi.org/10.1177%2F1535370213506802
https://www.ncbi.nlm.nih.gov/pubmed/17909019
https://dx.doi.org/10.1158%2F0008-5472.CAN-06-4690
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3485008/
https://www.ncbi.nlm.nih.gov/pubmed/23133515
https://dx.doi.org/10.1371%2Fjournal.pone.0047559
https://www.ncbi.nlm.nih.gov/pubmed/23831631
https://dx.doi.org/10.1016%2Fj.joca.2013.06.025
https://www.ncbi.nlm.nih.gov/pubmed/17356164


3/9/2018 Mesenchymal stem cell therapy in the treatment of osteoarthritis: reparative pathways, safety and efficacy – a review

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4880954/ 24/24

Articles from BMC Musculoskeletal Disorders are provided here courtesy of BioMed Central


