Sports Health: A Multidisciplinary
AQ/Qroach

h.sagepub.com/

Current Concepts: The Role of Mesenchymal Stem Cells in the Management of Knee Osteoarthritis
Jesse |. Wolfstadt, Brian J. Cole, Darrell J. Ogilvie-Harris, Sowmya Viswanathan and Jaskarndip Chahal
Sports Health: A Multidisciplinary Approach published online 3 April 2014
DOI: 10.1177/1941738114529727

The online version of this article can be found at:
http://sph.sagepub.com/content/early/2014/04/03/1941738114529727

Published by:
©SAGE

http://www.sagepublications.com

On behalf of:

P

AOSSM

American Orthopaedic Society for Sports Medicine

Additional services and information for Sports Health: A Multidisciplinary Approach can be found at:
Email Alerts: http://sph.sagepub.com/cgi/alerts
Subscriptions: http://sph.sagepub.com/subscriptions
Reprints: http://www.sagepub.com/journalsReprints.nav

Permissions: http://www.sagepub.com/journalsPermissions.nav

>> OnlineFirst Version of Record - Apr 3, 2014
What is This?


http://sph.sagepub.com/
http://sph.sagepub.com/
http://sph.sagepub.com/content/early/2014/04/03/1941738114529727
http://sph.sagepub.com/content/early/2014/04/03/1941738114529727
http://www.sagepublications.com
http://www.sagepublications.com
http://www.aossm.org
http://www.aossm.org
http://sph.sagepub.com/cgi/alerts
http://sph.sagepub.com/cgi/alerts
http://sph.sagepub.com/subscriptions
http://sph.sagepub.com/subscriptions
http://www.sagepub.com/journalsReprints.nav
http://www.sagepub.com/journalsReprints.nav
http://www.sagepub.com/journalsPermissions.nav
http://www.sagepub.com/journalsPermissions.nav
http://sph.sagepub.com/content/early/2014/04/03/1941738114529727.full.pdf
http://sph.sagepub.com/content/early/2014/04/03/1941738114529727.full.pdf
http://online.sagepub.com/site/sphelp/vorhelp.xhtml
http://online.sagepub.com/site/sphelp/vorhelp.xhtml
http://sph.sagepub.com/
http://sph.sagepub.com/
http://sph.sagepub.com/
http://sph.sagepub.com/

vol. XX e no. X

SPORTS HEALTH

Current Concepts: The Role of
Mesenchymal Stem Cells in the
Management of Knee Osteoarthritis

Jesse |. Wolfstadt, MD, Brian J. Cole, MD, MBA,* Darrell J. Ogilvie-Harris, MD, FRCSC, S
Sowmya Viswanathan, PhD," and Jaskarndip Chahal, MD, MSc, FRCSC*'$

Context: The number of adults with osteoarthritis in the United States is expected to nearly double from 21.4 million in
2005 to 41.1 million by 2030. As a result, medical costs and associated comorbidity will exponentially increase in the coming
decades. In the past decade, mesenchymal stem cells (MSCs) have emerged as a novel treatment for degenerative joint

disease.

Evidence Acquisition: PubMed (from 1990 to 2013) was searched to identify relevant studies. Reference lists of included

studies were also reviewed.
Study Design: Clinical review.

Level of Evidence: Level 3.

Results: We identified 9 animal and 7 human studies investigating the use of MSCs in the treatment of osteoarthritis, with

varying levels of support for this therapy.

Conclusion: While MSCs have shown potential for improving function and decreasing inflammation in animal studies,
translation to patients is still in question. There is a great deal of heterogeneity in treatment methods. Standardizing the
manufacturing and characterization of MSCs will allow for better comparisons.

Keywords: mesenchymal stem cells; osteoarthritis; treatment

steoarthritis (OA) is a disease process resulting from the

failure of chondrocytes to repair damaged articular

cartilage in synovial joints.” Increased synthesis of
tissue-destructive proteinases such as matrix metalloproteinases,
increased chondrocyte apoptosis, and insufficient extracellular
matrix generation result in a cartilage matrix that is unable to
withstand normal mechanical stresses.” This leads to progressive
cartilage loss, subchondral bone remodeling, osteophyte
formation, and synovial inflammation.”*** These degenerative
changes can ultimately result in significant disability and chronic
pain. The number of adults in the United States with
osteoarthritis is expected to nearly double from 21.4 million in
2005 to 41.1 million by 2030.%" Direct and indirect medical costs
relating to arthritis and associated comorbidities are estimated to

exponentially increase in the coming decades.’ In 1997, the total
medical expenditures for arthritis and other rheumatic
conditions were $233.5 billion. These costs increased to $321.8
billion by 2003 and have continued to rise on an annual basis.*"

The prevalent strategy for managing OA is to exhaust
conservative measures in an effort to delay major reconstructive
joint surgery, particularly in younger adults. The goals of
treatment are to decrease joint pain and improve function
resulting in improved quality of life metrics for patients.

Low-impact, aerobic exercise significantly reduces pain and
improves function in patients with early OA.* More specifically,
strengthening exercises seem to be superior in reducing pain
and impairment, and aerobic exercise leads to improved
long-term functional outcomes.”
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In patients with medial unicompartmental OA, valgus unloader
braces reduce external varus moments and medial compartment
load and improve pain and function when compared with
simple neoprene sleeves.® However, there is limited high-level
evidence to suggest that valgus- or varus-directing knee braces
for medial or lateral unicompartmental knee OA, respectively,
are more effective than a placebo.*?

Pharmacological pain control remains the mainstay of
treatment for symptomatic knee OA. Nonsteroidal anti-
inflammatory drugs have a statistically significant pain-reducing
effect when compared with placebo and acetaminophen,
although this effect is not clinically significant.** Other options
include nonselective oral nonsteroidal anti-inflammatory drugs
plus a gastroprotective agent or cyclooxygenase-2 inhibitors. For
patients with marked pain who are not good candidates for
surgery, opioid analgesics may be considered in spite of
physician and patient concerns regarding side effects and
improper use.” Intra-articular corticosteroid treatment, although
popular, only relieves pain in the short term, with its greatest
effect after 1 week and diminishing thereafter.” In addition,
intra-articular corticosteroid injections combined with lidocaine
can be cytotoxic for chondrocytes. Its frequency and patient
selection must be carefully considered.”*®

Intra-articular viscosupplementation has become increasingly
common for the treatment of symptomatic knee OA. However,
its efficacy remains controversial. In several clinical studies,
exogenous hyaluronic acid (HA) reduced the production and
activity of pro-inflammatory mediators and matrix
metalloproteinases, while enhancing native chondrocyte HA and
proteoglycan synthesis, and even altering the behavior of
immune cells.”” HA is also important for modulating tissue
hydration and osmotic balance.” A meta-analysis published in
the Journal of the American Medical Association in 2003
suggests that intra-articular HA knee injections for OA may not
result in a clinically significant difference when compared with
placebo.” However, a Cochrane review® concluded that
viscosupplementation, when used in specific clinical settings, is
an effective treatment for knee OA and may provide longer term
benefits when compared with intra-articular corticosteroids.*
The results of HA therapy may be related to variations in the
molecular weights of HA products as well as varying degrees of
heterogeneity of HA (viscosity and elasticity).

Platelet-rich plasma (PRP) is autologous blood, minus red
blood cells, with higher-than-baseline concentrations of platelets
prepared by centrifugal separation. Various growth factors, such
as platelet-derived growth factor, vascular endothelial growth
factor, and transforming growth factor 1 (TGF-f1), among
others, are present. Current evidence suggests that PRP
stimulates chondrogenesis and regeneration while increasing
HA production and stabilizing angiogenesis."™*’ Compared with
intra-articular HA or placebo controls, PRP injections in the
knee appear to be superior for pain control and functional
improvement during the first 6 months in the treatment of
OA. 2% At this time, more substantiated clinical data are
required to determine the efficacy of PRP in the treatment of

symptomatic OA. Certainly, there are less data to suggest that
PRP can influence the natural history of an osteoarthritic knee.
Rather, its mechanism of action is likely anti-inflammatory,
which can alter the local intra-articular milieu of catabolic and
anabolic growth factors and cytokines.”

Appropriate surgical management of OA is determined by
specific patient symptoms, clinical and radiographic findings,
circumstances, and expectations. While younger patients with
isolated unicompartmental OA may benefit from a high tibial
osteotomy or unicompartmental knee arthroplasty, patients with
advanced, multiple compartmental OA are more likely to benefit
from total knee arthroplasty. The routine use of arthroscopic
debridement for the treatment of OA has been challenged
recently by several randomized control studies demonstrating
no significant difference between arthroscopic management and
placebo in the treatment of knee OA.**%

Although many nonsurgical and surgical treatment modalities
improve pain and function in OA patients, none alter the natural
history of the disease process. Recently, there has been
increased focus on the potential role of stem cells in the
management of OA. The following sections provide a brief
overview on the different types of stem cells that can be used,
with particular emphasis on the potential role of mesenchymal
stem cells (MSCs), also known as mesenchymal stromal cells.

ROLE OF MESENCHYMAL STEM
CELLS IN THE MANAGEMENT OF
OSTEOARTHRITIS

Rationale

In the past decade, MSCs have emerged as an option in the
armamentarium for the treatment of OA. MSCs, derived from
bone marrow, can differentiate into cells of chondrogenic
lineage."” MSCs are abundant in many adult tissue types and are
precursors to the mesodermal lineage of cells/tissues including
bone, cartilage, fat, and connective tissues (including tendon
and ligzlrllerlt).9’16 MSCs can be isolated from bone marrow,
adipose tissue, and umbilical cord tissue/blood as well as
synovium and periosteum.lé’q/o57 Since MSCs are somatic (adult)
stem cells, they have limited replicative potential and,
importantly, are non-transformative ****

Embryonic stem cells (ESCs) and induced pluripotent stem
cells (iPSCs) are 2 other stem cell types that can differentiate
into multiple lineages of cell/tissue types, including
chondrogenic cells. However, among all potential allogeneic
stem cell sources, MSCs seem to hold the most promise at
present."****% There are also unresolved safety concerns with
potential tumorigenicity and immunologic compatibility with
ESCs and/or iPSCs as allogeneic cell sources, as well as ethical/
religious considerations. *¥%!

Regulatory Pathways

A cartilage product may be defined as a tissue, non-tissue
biologic, device, drug, or a combination of these terms as per
Section 361 of the Public Health Service Act.” Tissues that are
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minimally manipulated (autologous bone marrow aspirate
concentrate), intended for homologous use, and do not have a
systemic effect are categorized as human cells, tissues, and
cellular- and tissue-based products and do not require a formal
clinical trial for Food and Drug Administration (FDA) approval
and market release. Cartilage products regulated as biological
drugs require an investigational new drug application for
clinical evaluation and premarket demonstration. The product
must be safe, pure, potent, and effective. Finally, for cartilage
products regulated as devices, associated clinical studies must
be conducted under an investigational device exemption, and a
premarket approval is required.

Products such as Orthokine, an autologous PRP procedure
(Orthogen, Diisseldorf, Germany; known as Regenokine in the
United States) or ex vivo expanded autologous/allogeneic MSCs
would be regulated as biological drugs by the FDA but may be
regulated differently depending on the country and regulatory
jurisdiction.5356 While the use of minimally manipulated (eg, not
ex vivo culture-expanded) autologous bone marrow cell
aspirates (of which the exact number and/or proportion of
MSCs may not be known at the time of administration) may
pose some potential clinical merit, any significant benefit of
autologous or allogeneic MSC treatment will likely be associated
with ex vivo culture expansion that in turn will require
standardized and quality controlled manufacturing processes. A
key point to consider is that the autologous MSC therapy (eg,
bone marrow aspirate concentrate) with un-expanded cells can
be performed at the discretion of a physician without a formal
approval/registration status of “a device or biological drug” in
most regulatory jurisdictions, including Canada and the United
States. The downside of this is 2-fold: (1) There may be no
quality control measure that can be applied for each
preparation and patient and (2) because of decreases in quality
of the MSCs with increases in patient age, older patients may
not get significant clinical benefits from autologous MSC
procedures aside from a potential placebo effect. The evidence
for procedures such as bone marrow aspirate concentrate,
however, remains quite limited at the present time.

Mechanism of Action

The most important hallmark of MSCs, regardless of their tissue
sources of origin, is that the MSCs do not express major
histocompatibility complex class II antigens (human leukocyte
antigen, DR receptors), thereby not provoking the host’s T-cell
response on implantation.”” Furthermore, the MSCs can
modulate and control inflammation, inhibit apoptosis, stimulate
endogenous cell proliferation and repair, and improve blood
flow in joints.”” MSCs can hone to injured tissue and secrete a
milieu of proteins via a paracrine effect leading to a healing or
trophic effect, thus contributing to endogenous tissue repalir.16
The mechanism of action is related to the secretion of
cytokines, chemokines, and growth factors from the MSCs.”
One of the attractive features of MSCs is the ability to readily
harvest from the patient’s own tissue source such as bone
marrow, although the quantity and quality of MSCs decrease

with age.**' While minimally manipulated (ie, not ex vivo

culture-expanded) autologous cell aspirates may pose some
potential clinical merit, the immune-privileged nature of the
MSCs allows development of allogeneic MSC products for the
treatment of OA with standardized and quality-controlled
manufacturing process.

Clinical Use of Mesenchymal
Stem Cells in Osteoarthritis

The optimal source of MSCs has yet to be determined.'*™”’

There are various advantages and disadvantages associated with
bone marrow, synovium, adipose tissue, and umbilical cord
(Table 1).°%

At the present time, administration usually involves placing the
MSCs via intra-articular injection. The ideal approach remains to
be determined as the intra-articular microenvironment can be
influenced by local pro- and anti-inflammatory actions from the
cells. Alternatively, MSCs can be implanted in a scaffold,
encapsulated, or injected in combination with other factors such
as transforming growth factor-.”” They can be engineered to
express anti-inflammatory or pro-chondrogenic factors. Another
option is to inject bone marrow concentrate,” which does not
require ex vivo culture expansion.2

A systematic review of the safety of intra-articular autologous
bone marrow MSC injections in humans found 22 adverse
events and 4 serious adverse events following 844 procedures
(mean follow-up, 21 months).” Two serious adverse events
were related to the procedure (pulmonary embolism and
infection at the iliac crest harvest site) and 2 were unrelated
(tumors in areas not involving the cell collection or implantation
site). The mild adverse events were related to transient pain or
swelling, with a rate comparable with other injectable joint
therapies. Nevertheless, controversy still exists about the relative
risks of MSC injections. MSCs not cultured in an authorized
good manufacturing practice facility using approved culture
protocols may risk bacterial contamination, cellular ,
transformation, and/or premature differentiation of cells."® There
have been no reported adverse events associated with MSC
transformation, ®* but there remains a theoretical concern that
cells may differentiate/transform into unwanted cell types or
become tumorigenic, especially over the long term. To date,
there are no long-term safety problems following either
allogeneic or autologous MSC use.

The recent identification of subtypes of MSCs that may
demonstrate pro-inflammatory versus anti-inflammatory
responses based on activation of toll-like receptors 4 and 3,
respectively,” is particularly relevant for choosing appropriate
treatment strategies targeting inflammatory diseases.

SUMMARY OF ANIMAL MODELS USING
MESENCHYMAL STEM CELLS IN THE
TREATMENT OF OSTEOARTHRITIS

A full summary of animal models using MSCs to treat OA is
provided in Appendix 1 (available at http://sph.sagepub.com/
content/suppl). Knees of mice injected with adipose-derived
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Table 1. Sources for mesenchymal stem cells

Tissue Type Advantages DIEEDETTED S
Bone marrow*® e Good chondrogenic and osteogenic potential e Risks of harvesting, such as infection and
e Easy to harvest and exist in large numbers pain
e High proliferative activity
Synovium* e Best chondrogenic potential e Poor osteogenic potential
e High proliferative activity e Only preclinical studies available
Adipose tissue*® e Easily harvested e |ower chondrogenic potential, but may be
e Available in large numbers improved through the use of growth factors
Umbilical cord® e No morbidity with collection e Allogenic source
e Large capacity for ex vivo expansion e |ess well studied
e Full potential to differentiate into chondrogenic,
adipogenic, and osteogenic lineages

MSCs with collagenase-induced OA were protected against
synovial thickening, formation of enthesophytes, and cartilage
destruction when compared with the control group.” However,
knees injected on post-OA day 14 did not show the same
protective effect, suggesting that early intervention is important
in mitigating OA progression.

Diekman et al"® used a closed tibial plateau fracture model to
induce posttraumatic arthritis (PTA) in the knees of C57BL/6
mice. A single intra-articular injection of MSCs at the time of
fracture prevented the development of PTA. Control mice
showed evidence of PTA 8 weeks after the induced fracture. An
increase in the cytokine levels of the MSC-treated mice included
elevated systemic IL-10 levels, suggesting an anti-inflammatory
effect from MSC injections. However, the immune mechanisms
of murine and human MSCs differ, and clinical applications in
humans may result in different outcomes.

A hemimeniscectomy model in 12-week-old rats was used to
evaluate single, intra-articular injections of rat- (tMSCs) and
human-derived MSCs (hMSCs)." At 2 and 4 weeks, there was
regeneration of the meniscus in a similar manner with both
tMSCs and hMSCs. At 8 weeks, hMSCs appeared to inhibit
osteoarthritis progression compared with controls.

In a second study, hMSCs were injected into 7-month-old
guinea pigs with spontaneous knee arthritis that occurs
naturally as early as 3 months of age. This study had 4 groups:
a control group with phosphate-buffered saline (PBS), a control
group with HA injection, a PBS + hMSC group, and an HA +
hMSC group. Single injections of HA + hMSCs resulted in
significantly lower OA scores and partial cartilage repair. These
changes were found neither in the control groups injected with
PBS or HA only nor in the group injected with PBS + hMSCs.

The potential benefits of MSCs in the treatment of OA were
shown using a model of induced subchondral defects in the
knees of adult white New Zealand rabbits.”” Bone marrow- or
periosteum-derived MSCs injected into the knees showed an

improvement in the macroscopic appearance and histologic
scores (with hyaline-like cartilage) compared with control
knees.

Adipose-derived stem cells injected into the medial
compartment of rabbit anterior cruciate ligament (ACL)-
transected knees showed improved radiologic and histologic
scores compared with controls.”

Goat knees injected with MSCs 6 weeks after complete
excision of the medial meniscus and resection of the ACL
demonstrated marked regeneration of the medial meniscus and
less cartilage damage when compared with control knees.*

Sheep knees were injected 6 weeks post-ACL transection with
either a control (basal media without cells), chondrogenic
media-induced bone marrow MSCs, or basal media—induced
bone marrow MSCs." Chondrogenic media—induced bone
marrow MSCs resulted in better repair of cartilage lesions as
well as repair of some of the meniscal lesions with meniscus-
like tissue. This suggests that predifferentiation might be an
effective strategy compared with the use of undifferentiated
MSCs.

Intra-articular injections 14 days after surgery of an adipose-
derived stromal vascular fraction and bone marrow-derived
MSCs were compared with controls for the treatment of knee
OA induced arthroscopically in horses (placebo, adipose-
derived stromal vascular fraction, and bone marrow-derived
MSCs)."” There were no significant treatment effects in pain
scores, radiographic evaluations, or histologic examinations.
The only significant beneficial effect was a decrease in the
PGE2 levels in the synovial fluid of bone marrow-MSC horses
on day 35.

In summary, most animal studies are based on histologic
evidence rather than functional evaluation, making preclinical
work difficult to translate to symptomatic OA patients. Results
may vary with severity of the model/injury, timing, type of
MSCs, culture method, or dose.
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CLINICAL STUDIES IN HUMANS USING
MESENCHYMAL STEM CELLS IN THE
TREATMENT OF OSTEOARTHRITIS

A full summary of clinical studies using MSCs in the treatment
of OA in humans is provided in Appendix 2 (available at
http://sph.sagepub.com/content/suppl). Regeneration of
extensive unicompartmental articular cartilage defects in OA
knees was promoted by the implantation of autologous MSCs in
12 patients compared with a cell-free control group.()o There
was improvement in the histologic and arthroscopic scores as
well as clinical outcome scores in the treatment group, but no
significant difference between the clinical outcome scores.

Bone marrow-derived MSCs were evaluated in 6 female
patients with radiographic and magnetic resonance imaging
(MRI) evidence of Kellgren-Lawrence grade IV knee OA."
Patients were injected with bone marrow-MSCs that were
cultured for 7 days. At 1-year follow-up, there were no local or
systemic adverse events. Patients all had statistically significant
improvements in their visual analog scale (VAS) and Western
Ontario and McMaster Universities Arthritis Index (WOMAC)
pain scores, improved function (increased range of motion,
increased walking distance to pain, and decreased patellar
crepitus), and MRI evidence of increased cartilage repair,
extension of repair tissue, and decreased subchondral edema.

A pilot study in 4 patients with moderate to severe knee OA
who received bone marrow-MSC injections and were followed
for 6 months were found to have improvements in walking time
for onset of pain, stair climbing, knee crepitus, and swelling."”
There were no adverse events noted. There were no
radiographic changes noted on postinjection knee radiography.

Emadedin et al'* evaluated the use of bone marrow-MSCs in 6
female patients with radiographic and MRI evidence of
Kellgren-Lawrence grade IV knee OA. At 1-year follow-up, there
were no local or systemic adverse events. The patients all had
improvements in their VAS and WOMAC pain scores, improved
function (increased range of motion, increased walking distance
to pain, and decreased patellar crepitus), and MRI evidence of
increased cartilage repair, extension of repair tissue, and
decreased subchondral edema.

Pain scores improved following the injection of infrapatellar
fat pad derived-MSCs into knees following arthroscopic
procedures.””* The improvements correlated with the number
of MSCs injected. Both studies suggested a better response in
knees affected by International Cartilage Repair Society grade 3
OA compared with grade 4 OA.*"* The first study reported no
significant adverse events associated with the injections,
although some patients reported a slight increase in their knee
pain for 2 to 3 days postinjection.”’

Eighty to 90 mL of bone marrow was extracted from the iliac
bone in an ambulatory setting from 12 patients with knee OA
using local anesthesia and slight sedation.” After a mean cell
expansion period of approximately 3 weeks, the MSC
concentrate was injected into the affected knee and the patients
were followed for a minimum of 1 year. Patients tolerated the

procedures well (both bone marrow aspiration and knee
injection), and there was a statistically significant improvement
in pain scores and function, measured by VAS and WOMAC
scores, at 12-month follow-up.

CARTISTEM (MEDIPOST, Seoul, Korea) is the only
commercially available MSC product for OA using allogeneic,
umbilical cord blood as the cell source. CARTISTEM is approved
in Korea and is undergoing US FDA investigational new drug
cleared phase I/I1a clinical trials in the United States for the
treatment of cartilage defects in combination with an HA
scaffold.

FURTHER AREAS OF INVESTIGATION

Despite recent advancements, the use of MSCs for the treatment
of OA needs to be better defined. Barry and Murphy” list 13
ongoing studies investigating the use of MSCs in knee, hip, or
ankle OA in humans. However, there are several important
hurdles that must be addressed before reliable conclusions from
the body of literature regarding the role of MSCs in the
treatment of knee OA can be drawn:

(1) Is the role of MSCs predominantly symptom management
or as a disease-modifying osteoarthritis drug? Human
studies have shown that intra-articular injections of MSCs
improve pain and function scores in knee OA 1027283980
However, there is very little evidence to support MSCs
having a disease-modifying effect.

(2) The optimal method of MSC administration remains
unknown. Specific studies have not compared MSC
injections in suspension versus scaffold media >

(3) The optimal dose, frequency, timing, and number of
injections remains unclear (see Appendix 1). There is a
distinct lack of homogeneity among animal studies
investigating the use of MSCs in the treatment of OA.
Although animal and clinical studies have suggested
dose ranges anywhere from 1 x 10° to 4 x 107 cells per
injection, there is no clear indication of what the initial
dose should be.

(4) The optimal source of MSCs (bone marrow, adipose tissue,
synovium, umbilical cord blood/tissue) is yet to be
identified.” The majority of clinical studies use bone
marrow- or adipose-derived MSCs.

(5) There is a need for clinical imaging studies to determine
where the MSCs end up after injection.

(6) Knee OA may be associated with malalignment, specifically
varus and valgus knee deformities. It is possible that
patients who also have a mechanical axis deformity in
addition to OA would benefit from a concurrent procedure
to correct the deformity in addition to treatment with MSCs.
Other mechanical factors to consider include the stability
of the knee as well as the integrity of the meniscus.
Certainly, the health of the surrounding musculotendinous
structures also contributes to the structure and function of
the knee joint.
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CONCLUSION

Mesenchymal stem cells are an exciting and relatively novel
treatment for osteoarthritis. MSCs may improve symptoms and
function in osteoarthritic joints but also decrease inflammation
and induce cartilage healing. This is likely related to the
secretion of cytokines, chemokines, and growth factors from
MSCs.

ACKNOWLEDGMENT

We would like to thank several individuals for their contribution
to this article, including Dr Venhiah Tjong, Dr Ofir Chechik,

Dr John Townley, Dr Nizar Mahomed, Dr Wayne Marshall,

and Dr Antonio Lee. In particular, we would like to recognize
Dr Tjong’s important role in the preparation of our article.

REFERENCES

1.

w

10.

11.

13.

14.

17.

18.

Al Fageh H, Nor Hamdan BM, Chen HC, Aminuddin BS, Ruszymah BH. The potential
of intra-articular injection of chondrogenic-induced bone marrow stem cells to retard
the progression of osteoarthritis in a sheep model. Exp Gerontol. 2012;47:458-404.
Barry F, Murphy M. Mesenchymal stem cells in joint disease and repair. Nat Rev
Rheumatol. 2013;9:584-594.

Bellamy N, Campbell J, Robinson V, Gee T, Bourne R, Wells G.
Viscosupplementation for the treatment of osteoarthritis of the knee. Cochrane
Database Syst Rev. 2006;(2):CD005321.

Ben-David U, Benvenisty N. The tumorigenicity of human embryonic and
induced pluripotent stem cells. Nat Rev Cancer. 2011;11:268-277.

Bijlsma JW, Berenbaum F, Lafeber FP. Osteoarthritis: an update with relevance
for clinical practice. Lancet. 2011;377:2115-2126.

Bitton R. The economic burden of osteoarthritis. Am J Manag Care.
2009;15(suppl):$230-5235.

Bjordal JM, Klovning A, Ljunggren AE, Slgrdal L. Short-term efficacy of
pharmacotherapeutic interventions in osteoarthritic knee pain: a meta-analysis of
randomised placebo-controlled trials. Eur J Pain. 2007;11:125-138.

Brouwer RW, van Raaij TM, Verhaar JA, Coene LN, Bierma-Zeinstra SM. Brace
treatment for osteoarthritis of the knee: a prospective randomized multi-centre
trial. Osteoarthritis Cartilage. 2000;14:777-783.

Caplan AL Review: mesenchymal stem cells: cell-based reconstructive therapy in
orthopedics. Tissue Eng. 2005;11:1198-1211.

Centeno CJ, Busse D, Kisiday J, Keohan C, Freeman M, Karli D. Increased knee
cartilage volume in degenerative joint disease using percutaneously implanted,
autologous mesenchymal stem cells. Pain Physician. 2008;11:343-353.

Craft AM, Ahmed N, Rockel JS, et al. Specification of chondrocytes and cartilage
tissues from embryonic stem cells. Development. 2013;140:2597-2610.

Davatchi F, Abdollahi BS, Mohyeddin M, Shahram F, Nikbin B. Mesenchymal
stem cell therapy for knee osteoarthritis. Preliminary report of four patients. Int ]
Rbeum Dis. 2011;14:211-215.

Diekman BO, Wu CL, Louer CR, et al. Intra-articular delivery of purified
mesenchymal stem cells from C57BL/6 or MRL/Mp] supethealer mice prevents
posttraumatic arthritis. Cell Transplant. 2013;22:1395-1408.

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;15:422-428.

Fakhari A, Berkland C. Applications and emerging trends of hyaluronic acid

in tissue engineering, as a dermal filler and in osteoarthritis treatment. Acta
Biomater. 2013;9:7081-7092.

Filardo G, Madry H, Jelic M, Roffi A, Cucchiarini M, Kon E. Mesenchymal stem cells
for the treatment of cartilage lesions: from preclinical findings to clinical application
in orthopaedics. Knee Surg Sports Traumatol Arthrosc. 2013;21:1717-1729.

Frishie DD, Kisiday JD, Kawcak CE, Werpy NM, McIlwraith CW. Evaluation of
adipose-derived stromal vascular fraction or bone marrow-derived mesenchymal
stem cells for treatment of osteoarthritis. / Orthop Res. 2009;27:1675-1680.

Hall MP, Band PA, Meislin RJ, Jazrawi LM, Cardone DA. Platelet-rich plasma:
current concepts and application in sports medicine. [ Am Acad Orthop Surg.
2009;17:602-608.

19.

20.
21.

22.

23.

24,

20.
27.
28.
29.
30.
31
32.

33.

34.

30.

37.

38.

39.

40.

41

42.

43.

44,

46.

Horie M, Choi H, Lee RH, et al. Intra-articular injection of human mesenchymal
stem cells (MSCs) promote rat meniscal regeneration by being activated

to express Indian hedgehog that enhances expression of type II collagen.
Osteoartbritis Cartilage. 2012;20:1197-1207.

Hunter DJ. Osteoarthritis. Best Pract Res Clin Rheumatol. 2011;25:801-814.
Jones E, English A, Churchman SM, et al. Large-scale extraction and
characterization of CD271+ multipotential stromal cells from trabecular bone in
health and osteoarthritis: implications for bone regeneration strategies based on
uncultured or minimally cultured multipotential stromal cells. Arthritis Rheum.
2010:62:1944-1954.

Juni P, Rutjes AW, da Costa BR, Reichenbach S. Viscosupplementation for
osteoarthritis of the knee. Ann Intern Med. 2013;158:75.

Khoshbin A, Leroux T, Wasserstein D, et al. The efficacy of platelet-rich plasma
in the treatment of symptomatic knee osteoarthritis: a systematic review with
quantitative synthesis. Arthroscopy. 2013;29:2037-2048.

Kirkley A, Birmingham TB, Litchfield RB, et al. A randomized trial of
arthroscopic surgery for osteoarthritis of the knee. N Engl J Med. 2008;359:1097-
1107.

. Kirkley A, Webster-Bogaert S, Litchfield R, et al. The effect of bracing on varus

gonarthrosis. / Bone Joint Surg Am. 1999;81:539-548.

Knoepfler PS. Deconstructing stem cell tumorigenicity: a roadmap to safe
regenerative medicine. Stem Cells. 2009;27:1050-1056.

Koh YG, Choi YJ. Infrapatellar fat pad-derived mesenchymal stem cell therapy
for knee osteoarthritis. Knee. 2012;19:902-907.

Koh YG, Jo SB, Kwon OR, et al. Mesenchymal stem cell injections improve
symptoms of knee osteoarthritis. Arthroscopy. 2013;29:748-755.

Kon E, Filardo G, Drobnic M, et al. Non-surgical management of early knee
osteoarthritis. Knee Surg Sports Traumatol Arthrosc. 2012;20:436-449.

Kriiger JP, Hondke S, Endres M, Pruss A, Siclari A, Kaps C. Human platelet-
rich plasma stimulates migration and chondrogenic differentiation of human
subchondral progenitor cells. / Orthop Res. 2012;30:845-852.

Leveille SG. Musculoskeletal aging. Curr Opin Rheumatol. 2004;16:114-118.

Lo GH, LaValley M, McAlindon T, Felson DT. Intra-articular hyaluronic acid in
treatment of knee osteoarthritis: a meta-analysis. JAMA. 2003;290:3115-3121.
Mazzocca AD, McCarthy MB, Intravia J, et al. An in vitro evaluation of the anti-
inflammatory effects of platelet-rich plasma, ketorolac, and methylprednisolone.
Arthroscopy. 2013;29:675-683.

Michael JW, Schliiter-Brust KU, Eysel P. The epidemiology, etiology, diagnosis,
and treatment of osteoarthritis of the knee. Disch Arztebl Int. 2010;107:152-162
lerratum Disch Arztebl Int. 2010;107:294].

. Moseley JB, O'Malley K, Petersen NJ, et al. A controlled trial of arthroscopic

surgery for osteoarthritis of the knee. N Engl ] Med. 2002;347:81-88.

Murphy JM, Fink DJ, Hunziker EB, Barry FP. Stem cell therapy in a caprine
model of osteoarthritis. Arthritis Rheum. 2003;48:3464-3474.

Nakajima M, Wakitani S, Harada Y, Tanigami A, Tomita N. In vivo mechanical
condition plays an important role for appearance of cartilage tissue in ES cell
transplanted joint. / Orthop Res. 2008;26:10-17.

Oldershaw RA. Cell sources for the regeneration of articular cartilage: the past,
the horizon and the future. Int ] Exp Pathol. 2012;93:389-400.

Orozco L, Munar A, Soler R, et al. Treatment of knee osteoarthritis with
autologous mesenchymal stem cells: a pilot study. Transplantation.
2013;95:1535-1541.

Pastides P, Chimutengwende-Gordon M, Maffulli N, Khan W. Stem cell therapy
for human cartilage defects: a systematic review. Osteoarthritis Cartilage.
2013;21:646-654.

Patel S, Dhillon MS, Aggarwal S, Marwaha N, Jain A. Treatment with platelet-rich
plasma is more effective than placebo for knee osteoarthritis: a prospective,
double-blind, randomized trial. Am ] Sports Med. 2013;41:356-364.

Peeters CM, Leijs MJ, Reijman M, van Osch GJ, Bos PK. Safety of intra-articular
cell-therapy with culture-expanded stem cells in humans: a systematic literature
review. Osteoarthritis Cartilage. 2013;86:1465-1473.

Prockop DJ, Brenner M, Fibbe WE, et al. Defining the risks of mesenchymal
stromal cell therapy. Cytotherapy. 2010;12:576-578.

Prockop DJ, Keating A. Relearning the lessons of genomic stability of human
cells during expansion in culture: implications for clinical research. Stem Cells.
2012;30:1051-1052.

. Sakaguchi Y, Sekiya I, Yagishita K, Muneta T. Comparison of human stem cells

derived from various mesenchymal tissues: superiority of synovium as a cell
source. Arthritis Rheum. 2005;52:2521-2529.

Sato M, Uchida K, Nakajima H, et al. Direct transplantation of mesenchymal
stem cells into the knee joints of Hartley strain guinea pigs with spontaneous
osteoarthritis. Arthritis Res Ther. 2012;14:R31.


http://sph.sagepub.com/
http://sph.sagepub.com/

vol. XX e no. X

SPORTS HEALTH

47.
48.

49.

50.

51.

52.

54.

55.

56.

Schu S, Nosov M, O’Flynn L, et al. Inmunogenicity of allogeneic mesenchymal
stem cells. / Cell Mol Med. 2012;16:2094-2103.

Seshadri V, Coyle CH, Chu CR. Lidocaine potentiates the chondrotoxicity of
methylprednisolone. Arthroscopy. 2009;25:337-347.

Spakovd T, Rosocha J, Lacko M, Harvanovéd D, Gharaibeh A. Treatment of knee
joint osteoarthritis with autologous platelet-rich plasma in comparison with
hyaluronic acid. Am ] Phys Med Rebabil. 2012;91:411-417.

Tang QO, Carasco CF, Gamie Z, Korres N, Mantalaris A, Tsiridis E. Preclinical
and clinical data for the use of mesenchymal stem cells in articular cartilage
tissue engineering. Expert Opin Biol Ther. 2012;12:1361-1382.

Tarte K, Gaillard J, Lataillade JJ, et al. Clinical-grade production of human
mesenchymal stromal cells: occurrence of aneuploidy without transformation.
Blood. 2010;115:1549-1553.

ter Huurne M, Schelbergen R, Blattes R, et al. Antiinflammatory and
chondroprotective effects of intra-articular injection of adipose-derived stem cells
in experimental osteoarthritis. Arthritis Rbeum. 2012;64:3604-3613.

Thomas JT, Schneider BS, Frank EL, Krizan §J. Cartilage repair and
replacement in the knee: a regulatory perspective. Trends Biotechnol.
2013;31:665-667.

Toghraie F, Razmkhah M, Gholipour MA, et al. Scaffold-free adipose-derived
stem cells (ASCs) improve experimentally induced osteoarthritis in rabbits. Arch
Tran Med. 2012;15:495-499.

Tuan RS, Chen AF, Klatt BA. Cartilage regeneration. ] Am Acad Orthop Surg.
2013;21:303-311.

US Food and Drug Administration. Guidance for industry: regulation of human
cells, tissues, and cellular and tissue-based products (HCT/Ps)—small entity
compliance guide. Center for Biologics Evaluation and Research. http://www

00.

ol.

02.

03.

04.

fda.gov/BiologicsBloodVaccines/GuidanceComplianceRegulatorylnformation/
Guidances/Tissue/ucm073366.htm. Accessed December 12, 2013.

Veronesi F, Giavaresi G, Tschon M, Borsari V, Nicoli Aldini N, Fini M. Clinical
use of bone marrow, bone marrow concentrate, and expanded bone marrow
mesenchymal stem cells in cartilage disease. Stem Cells Dev. 2013;22:181-192.
Wakitani S, Aoki H, Harada Y, et al. Embryonic stem cells form articular
cartilage, not teratomas, in osteochondral defects of rat joints. Cell Transplant.
2004;13:331-330.

Wakitani S, Goto T, Pineda §J, et al. Mesenchymal cell-based repair of large, full-
thickness defects of articular cartilage. / Bone Joint Surg Am. 1994;76:579-592.
Wakitani S, Imoto K, Yamamoto T, Saito M, Murata N, Yoneda M. Human
autologous culture expanded bone marrow mesenchymal cell transplantation
for repair of cartilage defects in osteoarthritic knees. Osteoarthritis Cartilage.
2002;10:199-206.

Wakitani S, Takaoka K, Hattori T, et al. Embryonic stem cells injected into

the mouse knee joint form teratomas and subsequently destroy the joint.
Rbeumatology (Oxford). 2003;42:162-165.

Waterman RS, Tomchuck SL, Henkle SL, Betancourt AM. A new mesenchymal
stem cell (MSC) paradigm: polarization into a pro-inflammatory MSC1 or an
immunosuppressive MSC2 phenotype. PLoS One. 2010;5:¢10088.

Yoshimura H, Muneta T, Nimura A, Yokoyama A, Koga H, Sekiya I. Comparison
of rat mesenchymal stem cells derived from bone marrow, synovium,
periosteum, adipose tissue, and muscle. Cell Tissue Res. 2007;327:449-462.
Zhang W, Nuki G, Moskowitz RW, et al. OARSI recommendations for the
management of hip and knee osteoarthritis: part III. Changes in evidence
following systematic cumulative update of research published through January
2009. Osteoarthritis Cartilage. 2010;18:476-499.

For reprints and permission queries, please visit SAGE’s Web site at http://www.sagepub.com/journalsPermissions.nav.


http://sph.sagepub.com/
http://sph.sagepub.com/

