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Basic Science Update

Stem Cell Therapies
for Knee Cartilage Repair

The Current Status of Preclinical and Clinical Studies

John A. Anderson,*T* MD, MSc, Dianne Little, BVSc, PhD, Alison P. Toth,” MD,
Claude T. Moorman IlI,* MD, Bradford S. Tucker,* MD, Michael G. Ciccotti,* MD,
and Farshid Guilak,” PhD

Investigation performed at Duke University Medical Center, Durham, North Carolina,
and Rothman Institute, Philadelphia, Pennsylvania

Background: Articular cartilage damage of the knee is common, causing significant morbidity worldwide. Many adult tissues
contain cells that are able to differentiate into multiple cell types, including chondrocytes. These stem cells have gained significant
attention over the past decade and may become frontline management for cartilage defects in the very near future.

Purpose: The role of stem cells in the treatment of knee osteochondral defects was reviewed. Recent animal and clinical studies
were reviewed to determine the benefits and potential outcomes of using stem cells for cartilage defects.

Study Design: Literature review.

Methods: A PubMed search was undertaken. The key phrase ‘“‘stem cells and knee’”’ was used. The search included reviews and
original articles over an unlimited time period. From this search, articles outlining animal and clinical trials were selected. A search
of current clinical trials in progress was performed on the clinicaltrials.gov website, and ‘‘stem cells and knee’’ was used as the
search phrase.

Results: Stem cells have been used in many recent in vitro and animal studies. A number of cell-based approaches for cartilage
repair have progressed from preclinical animal studies into clinical trials.

Conclusion: The use of stem cells for the treatment of cartilage defects is increasing in animal and clinical studies. Methods of
delivery of stem cells to the knee’s cartilage vary from direct injection to implantation with scaffolds. While these approaches are
highly promising, there is currently limited evidence of a direct clinical benefit, and further research is required to assess the over-
all outcome of stem cell therapies for knee cartilage repair.

Keywords: biologic healing enhancement; biology of cartilage; knee; articular cartilage; stem cell therapy

Cartilage defects of the knee are a major cause of morbidity techniques include microfracture or autologous cell or tis-
worldwide. About 60% of patients undergoing knee arthro- sue grafting (ie, mosaicplasty, osteoarticular transfer sys-
scopic surgery have injuries to the articular cartilage.*® tem [OATS], or autologous chondrocyte implantation
However, few approaches are currently available for the [ACI]) and minced (DeNovo NT, Zimmer Inc, Warsaw,
treatment of focal cartilage lesions. Currently used Indiana) or micronized articular cartilage allografts (Bio-

Cartilage, Arthrex Inc, Naples, Florida). However, their
long-term results may be variable or unknown.® Long-
term follow-up after microfracture was reported by Stead-
man et al®" with an improvement in clinical knee scores.

*Address correspondence to John A. Anderson, MD, MSc, Rothman
Institute Cartilage Center, 925 Chestnut Street, Philadelphia, PA 19107
(e-mail: john.anderson@rothmaninstitute.com).

fDepartment of Orthopaedic Surgery, Duke University Medical Cen- However, Minas et al®® suggested that this technique
ter, Durham, North Carolina. may make subsequent surgery more difficult. Mosaicplasty
*Rothman Institute Cartilage Center, Rothman Institute, Philadelphia, has limitations including donor site morbidity, limited

Pennsylvania.
One or more of the authors has declared the following potential con-
flict of interest or source of funding: F.G. is a founder of Cytex Therapeu-

availability, and mismatch geometry.® The advantages of
techniques such as microfracture and mosaicplasty are

tics. This work was supported in part by National Institutes of Health the relatively low complexity of the procedure, the patient
grants AR50245, AR48182, AG15768, AR48852, and AR59784. undergoing only 1 surgery, and the use of the patient’s own
, - tissue. On the other hand, ACI involves 2 operations, is
The American Journal of Sports Medicine, Vol. 42, No. 9 technically d di d 1t i iosteal
DOI: 10.1177/0363546513508744 ec mca;zy emanding, and may result in periosteal over-
© 2013 The Author(s) growth.”” In a recent study, the long-term efficacy of
2253
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microfracture was compared with ACI, and the authors
showed that ACI was not superior to microfracture, with
failures in nearly a quarter of the patients in both
groups.®® However, a randomized controlled trial compar-
ing ACI with mosaicplasty concluded that ACI resulted in
superior clinical and biological outcomes.® Newer ACI tech-
niques such as matrix-associated autologous chondrocyte
transplantation/implantation (MACT/MACI) use biomateri-
als seeded with chondrocytes as a scaffold instead of a peri-
osteal patch.® However, this technique still has some issues.
It can require 2 operations, and the harvest of autologous
chondrocytes or osteochondral plugs remains problematic
because of iatrogenic damage. There may also be donor
site morbidity and a potential change in the cartilage prop-
erties of the joint.3%57

In this regard, adult stem cells may provide a more read-
ily accessible source of cells for the treatment of chondral or
osteochondral defects. For example, bone marrow—derived
mesenchymal stem cells (MSCs) are able to differentiate
into many mesenchymal phenotypes, including those that
form cartilage, bone, muscle, fat, and other connective tis-
sues.'#38 Other tissues contain similar but distinct popu-
lations of adult stem cells that exhibit chondrogenic
capabilities, primarily adipose,?® synovium,?? and umbilical
cord,! among other sources. Stem cells can maintain their
multipotency during culture expansion,® while chondro-
cytes may lose their phenotype after passage.”’

Another major source of adult stem cells has been adi-
pose tissue, including subcutaneous fat or the infrapatellar
fat pad of the knee. Adipose-derived stem cells (ASCs)
exhibit multipotent differentiation capabilities in the
mesenchymal lineage, similar to MSCs, with evidence of
adipogenic, chondrogenic, myogenic, and osteogenic differ-
entiation.261%4176 Adipose tissue is an accessible, abun-
dant, and reliable source for the isolation of adult stem
cells that may be suitable for tissue engineering and regen-
erative medicine applications.>®®” The majority of peer-
reviewed publications on human trials using ASCs are,
at most, phase I safety and case reports.>®

It is important to note that the method of delivery of
MSCs into the knee varies and includes the following:
1-stage injection of a suspension into the joint, 1-stage
implantation into the defect, and preculture in a matrix
for implantation into the defect (2-stage). The aim of this
report on stem cell therapy for cartilage defects of the
knee is to review the most recent preclinical animal stud-
ies, provide a systematic review of clinical trials, and out-
line the future directions and challenges for the scientist
and surgeon.

BACKGROUND

The application of stem cells for cartilage repair and regener-
ation has been studied extensively in laboratory models,® but
a review of these studies is beyond the scope of this article,
which will focus on animal and clinical studies. Fundamen-
tally, MSCs have been used to treat chondral defects in

SReferences 1, 2, 9, 10, 18, 19, 23, 24, 28, 30, 34, 45, 47, 60, 64, 84.
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many animal models. Rodents are cost-effective and provide
proof-of-concept data to serve as a bridge between in vitro
experiments and more costly large animal preclinical stud-
ies. 179570 Rabbits are easy to handle, are cost-effective,
and have a reasonable joint size, but they may also spontane-
ously heal, have thin cartilage, and have variable loading
conditions.! Skeletally mature mini-pigs have been used in
numerous stem cell and cartilage studies.!6485980.92
They have a stifle joint that is similar to the human knee
in some respects, including relative thickness, inability to
endogenously heal chondral and osteochondral defects, and
similar collagen fiber arrangement.'™® Sheep and goats
have been used frequently.#1:63647893 There are advantages
and disadvantages with goat studies compared with human
studies. The goat model allows the aspiration of MSCs,
involves reasonably thick articular cartilage, and utilizes
a relatively large stifle joint. The primary weightbearing
surface, though, is the patellofemoral surface, as goats walk
with the joint partially flexed.®>"™ In addition, compared
with studies in humans, restricted postoperative rehabilita-
tion is difficult and may pose ethical issues.®! The stifle joint
of the horse most closely resembles the human knee in terms
of size, cartilage thickness, and the ability to extend the joint
fully during gait. However, the expense, the high joint-
loading conditions, and the need for elaborate facilities often
make cartilage studies difficult to perform in horses.566:71.85

Before beginning clinical trials, robust manufacturing
practices for the production of stem cells must be adopted.
The Food and Drug Administration (FDA) and other inter-
national and national regulatory bodies have developed
guidelines for adult cell production.’® In fact, MSCs are
classed as “more than minimally manipulated.” All prod-
ucts must be evaluated for bacteria, endotoxins, myco-
plasma, and a host of viral agents (cytomegalovirus,
Epstein-Barr virus, hepatitis A and C, and HIV) if they
are to be used for allogenic purposes. Tissue-processing
devices are marketed in Europe and Asia and are under
regulatory review in the United States.?® There have
been very few published reports on the application of
stem cell therapy to cartilage defects in humans. Impor-
tantly, there are differences with the delivery of MSCs
into the knee joint in terms of direct injection compared
with implantation (1-stage vs 2-stage) into a scaffold. A
study on the use of MSCs for articular cartilage repair of
the patellofemoral joint in 5 knees has been performed,®”
while another group® reported on a single athlete.?® There
are a number of clinical trials currently being undertaken,
and these are found on the clinicaltrials.gov website.

Search Strategies and Criteria

A PubMed search was performed. The key phrase “stem
cells and knee” was used. The search included reviews
and original articles over an unlimited time period. A
search of current clinical trials in progress was performed
on the clinicaltrials.gov website, and “stem cells and knee”
was used as the search phrase.

IReferences 11, 17, 20, 42, 58, 73, 74, 79, 82, 88, 89, 91.
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ANIMAL STUDIES OF STEM CELL-BASED
CARTILAGE REPAIR

Small Animal Models

The effects of treating cartilage defects with stem cells
have been studied in numerous recent small animal
models.?® A rabbit model compared the use of allogenic,
chondrogenic, predifferentiated (supplemented with trans-
forming growth factor—3 [TGF-B3] and basic fibroblast
growth factor) MSCs with undifferentiated MSCs in the
repair of full-thickness articular cartilage defects.?’
Defects with a 5-mm diameter and 1-mm depth were cre-
ated in the medial femoral condyle of both knees of each
rabbit, and then each construct was implanted 3 to 4 weeks
after injury into one side. One side of the knee (lateral fem-
oral condyle) in each rabbit was left untreated, and the his-
tological appearances of this group were compared with the
2 different MSC groups. The authors concluded that the
transplantation of MSCs produced superior healing com-
pared with intrinsic repair of the untreated cartilage
defects, irrespective of their state of differentiation.2’

Another group studied rabbits with osteochondral
defects and compared those in the defect-only group to 2
groups treated with cross-linked bilayer collagen scaffolds
with or without MSCs.”™ The MSC scaffold group showed
the most hyaline cartilage, highest histological scores,
and highest biomechanical compressive modulus at 12
weeks.”

In another comparison, 30 rabbits that had knee chon-
dral defects were treated with either allogenic, undifferen-
tiated MSCs or ACI.®2 Both groups had alginate constructs
cultured for 6 weeks after creation of the defects. Both
treatment groups showed similar cartilage regenerative
profiles, and both resulted in superior tissue regeneration
compared with untreated defects. The advantages of
MSCs were highlighted, such as prolonged expansion
time without phenotype transformation and the homing
and engraftment of other stem cells.

The use of hydrogel scaffolds with stem cells has been
a topic of recent interest. A rabbit model assessed the
repair of osteochondral defects with biodegradable hydro-
gel composites encapsulating bone marrow—derived
MSCs.*? It was found that when compared with the hydro-
gel composite without MSCs, the 2 groups of hydrogels
with MSCs (one with the addition of TGF-B1) facilitated
subchondral bone formation but did not improve cartilage
structure. Another study reviewed a biphasic osteochon-
dral composite using a chondral phase consisting of hyalur-
onate and atelocollagen and an osseous phase consisting of
hyaluronic acid and P—tricalcium phosphate.® Chondro-
cytes were expanded, and the authors concluded that this
scaffold composite held promise for defect repair.?

The role of gene transfer in MSC cartilage regeneration
may be important, but it is not currently well understood.
A rabbit osteochondral defect model studying bone
marrow—derived MSCs transduced with an adenoviral vec-
tor containing the Sox9 gene was recently reported.!! Sox9
is a transcription factor that is essential for chondrogenesis
and is a regulator for the chondrocyte phenotype.® Four

Stem Cell Therapies for Knee Cartilage Repair 2255

groups were compared: (1) defect only, (2) scaffold only,
(3) scaffold with MSCs, and (4) scaffold with Sox9-trans-
duced MSCs. The fourth group had the highest (ie, best
repair) International Cartilage Repair Society macroscopic
scores® and also the highest histological scores according
to Wakitani et al.®¢

Large Animal Models

There have been multiple recent large animal studies out-
lining the effects of stem cells on knee osteochondral
defects. Large animal models are often used to be most
clinically relevant to the human condition. The rationale
for using different animal types to determine different car-
tilage outcomes has been described previously.!””® While
no animal model can exactly reproduce human physiology
and joint loading, each model (ie, mouse, rabbit, pig, sheep,
horse) provides important information to advance the field
of cartilage regeneration. A study on degenerative change
in an ovine model assessed perilesional changes of chronic
osteochondral defects in the knees of 23 sheep.** The
authors concluded that, like the appearance of chronic
defects in humans after trauma, the area of cartilage sur-
rounding the created defect showed signs of chronic degen-
eration at 1 month and 3 months.** The difference between
acute and more clinically relevant chronic osteochondral
defects was demonstrated in a goat model.”” After creation
of a 0.8 X 0.5—cm defect in the medial femoral condyle of all
21 goats, the animals were randomized to receive no treat-
ment, early treatment, or late treatment using a periosteal
graft. The authors concluded that early treatment showed
significantly better cartilage repair than late or no treat-
ment, with a concurrent decrease in the disturbance of car-
tilage metabolism.””

Following the rationale of these models, another group
found that the optimal chondrogenic predifferentiation
period for ovine MSCs inside collagen gel was 14 days.??
The authors created osteochondral defects in the medial
femoral condyles of merino sheep.?® Four groups were com-
pared: (1) chondrogenically predifferentiated ovine MSC/
hydrogel constructs (preMSC gels), (2) undifferentiated
ovine MSC/hydrogel constructs (unMSC gels), (3) cell-free
collagen hydrogels (CF gels), and (4) untreated controls.
At 6 months in vivo, the defects created with preMSC
gels showed significantly better histological scores with
morphological characteristics of hyaline cartilage (colum-
narization and type II collagen).

Furthermore, MSC-seeded triphasic constructs were
compared with the OATS procedure in a merino sheep
model.®3%4 The triphasic construct consisted of a chondral
phase, autologous plasma as an intermediate phase, and
an osseous phase. Macroscopic and biomechanical analyses
showed no significant differences between groups at 12
months. The disadvantages of OATS were outlined such
as morbidity at the donor site, limited size of the trans-
plant, hemarthrosis, difficulty in shaping host tissue to
fit the defect area, and inadequate bonding of the graft car-
tilage to surrounding tissue.

The role of growth factors in treating osteochondral
defects was discussed in a recent review.>2 A team studied
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16 miniature pigs and created osteochondral defects in their
knees.'® A defect-only group and a collagen gel—only group
were compared with a third group that received a collagen
gel containing MSCs alone and were also compared with
a fourth group that received MSCs and a gel induced with
TGF-B. The conclusion was that both treatments using
MSCs resulted in a superior gross and histological appear-
ance and better histological scores according to Pineda
et al? than the non-MSC groups. In addition, using undif-
ferentiated MSCs resulted in a superior outcome than using
TGF-B—induced differentiated MSCs, especially with regard
to the restoration of subchondral bone.

Moreover, MSCs have been combined with microfrac-
ture to address osteochondral defects in a horse model. In
a recent study,®® investigators hypothesized that there
may be a problem with the migration and proliferation of
MSCs embedded within fibrin.?%?° They evaluated intra-
articular injections of bone marrow—derived MSCs sus-
pended in hyaluronan combined with microfracture com-
pared with microfracture alone.’® The conclusions were
that although there was no difference clinically or histolog-
ically in the 2 groups at 12 months, the MSC group had
increased aggrecan content and tissue firmness.

Another study showed that, compared with microfrac-
ture, MSC treatment was superior in terms of a short-
term arthroscopic inspection and also in longer term mac-
roscopic, histological, and quantitative magnetic resonance
imaging (MRI) analyses.?® Specifically, repair tissue in the
MSC group had better type II collagen content and orienta-
tion and improved sulfated glycosaminoglycan content and
also exhibited greater integration into the surrounding
normal cartilage, with greater thickness and a smoother
surface.

CLINICAL STUDIES OF STEM CELL-BASED
CARTILAGE REPAIR

Few published clinical studies assessing outcomes after stem
cell therapy for cartilage defects have been reported. Care in
the interpretation of results is warranted because of small
sample sizes, different delivery methods, and often ill-defined
outcome measures. A systematic review was performed.

Research Question

The research aim was to determine the current clinical role
of stem cells in the treatment of knee osteochondral
defects. We reviewed recent clinical studies utilizing differ-
ent stem cell delivery methods to determine if there were
any potential benefits/outcomes of using stem cells for
knee cartilage defects.

Research Protocol

The experimental design’s inclusion criteria were broad
because of the limited number of completed or in-progress
clinical stem cell studies. Case studies, case-control stud-
ies, observational cohort studies, and randomized con-
trolled trials were all included for review.

The American Journal of Sports Medicine

Literature Search

A PubMed search was undertaken. The key phrase “stem
cells and knee” was used. The search included all original
articles in English over an unlimited time period that spe-
cifically involved the clinical application of stem cells to the
human knee. All other studies were not included. Further-
more, a search of current clinical trials in progress was
performed on the clinicaltrials.gov website, and “stem cells
and knee” was used as the search phrase.

Data Extraction

The data extraction items included title, outcome, institu-
tion, patient numbers, brief description, and delivery
method and identifier. Table 1 highlights the studies
from the PubMed search, while Table 2 summarizes the
clinicaltrials.gov search.

Quality Assessment

The majority of studies found in the PubMed search were
not high-level evidence (not level 1 or 2). Table 2 summa-
rizes the clinicaltrials.gov search and reveals that a number
of randomized controlled trials are currently in progress.

Data Analysis and Results

Table 1 outlines the PubMed search, and Table 2 outlines
the clinicaltrials.gov search.

Interpretation of Results

Because of the low total number of clinical stem cell knee
studies, and very few high-level studies, the interpretation
of results is difficult.

Clinical Study Findings

Table 1 summarizes the clinical studies using stem cells for
knee cartilage repair, and the different delivery methods
are highlighted. In an observational cohort study, autolo-
gous MSCs were compared with ACI in 72 matched symp-
tomatic patients with full-thickness cartilage defects, as
diagnosed by clinical examination and MRI.5*®° There
was no difference between groups in terms of clinical out-
comes except for physical role functioning, with a greater
improvement over time in the MSC group. The Interna-
tional Knee Documentation Committee (IKDC),%? Tegner,
and Lysholm®® scores were similar between groups. Of
note, 5 cases in the MSC group also underwent concurrent
high tibial osteotomy, and this may have acted as a con-
founding variable. The authors highlighted the advantages
of MSCs over ACI, which include a single surgery, reduced
costs, and minimal donor site morbidity.

In a case series, MSCs were transplanted on a platelet-
rich fibrin glue to treat full-thickness articular cartilage
defects in 5 patients.*® Lesions ranged in size from 3 cm?
to 12 cm? (mean, 5.8 cm?), and 12-month follow-up of clin-
ical, arthroscopic, and MRI outcomes were encouraging.
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Results for Searching “Stem Cells and Knee” on PubMed®

Stem Cell Delivery

Authors (Year) Outcomes Institution No. of Patients Brief Description Method
Nejadnik et al (2010)%° IKDC, ICRS, National 72 Observational cohort study; 36 2-stage implantation;
SF-36, University, patients underwent ACI, and ~ BM-derived MSCs
Lysholm, Singapore 36 patients underwent BM- harvested and then
Tegner derived MSC implantation; later arthrotomy
concluded that BM-derived performed to implant
MSCs were as effective as
chondrocytes in clinical
outcomes
Haleem et al (2010)*3 Lysholm, Cairo 5 Case series; all patients’ 2-stage implantation;
revised HSS, University, symptoms improved at 12 autologous BM-derived
MRI, Egypt mo; ICRS arthroscopic scores ~ MSC culture expanded,
arthroscopic were 8 of 12 and 11 0of 12 for 2  placed on PR-FG
ICRS patients; at 12 mo, MRI intraoperatively, and
showed complete congruity then transplanted into
in 3 patients and incomplete defects
congruity in 2 patients
Davatchi et al (2011)% VAS, walking Tehran 4 Case series; walking time to Direct delayed injection;
time to pain, University, pain improved in 3 patients; 30 mL of BM taken and
stair climbing Iran improved stair climbing and cultured for growth for 4
VAS scores for all to 5 wk
Koh et al (2013)%* WOMAC, Yonsei 18 Case series; infrapatellar fat Direct delayed injection;
Lysholm, Sarang pad harvested after after arthroscopic
VAS, MRI Hospital, arthroscopic debridement; surgery, fat pad stem
South clinical scores improved, and  cells and PRP injected
Korea MRI scores improved; results  into knees

positively related to number
of stem cells injected

“ACI, autologous chondrocyte implantation; BM, bone marrow; HSS, Hospital for Special Surgery; ICRS, International Cartilage Repair
Society; IKDC, International Knee Documentation Committee; MRI, magnetic resonance imaging; MSC, mesenchymal stem cell; PR-FG,
platelet-rich fibrin glue; PRP, platelet-rich plasma; SF-36, Short Form—36 Health Survey; VAS, visual analog scale; WOMAC, Western

Ontario and McMaster Universities Osteoarthritis Index.

However, the small sample size makes the interpretation
of results difficult.

In another case series, 4 patients aged 55 to 65 years
who had established osteoarthritis had autologous MSCs
simply injected into their affected knee.?! No standardized
knee outcome scores were reported, but the number of
stairs they could climb and the visual analog scale (VAS)
for pain scores improved for all 4 patients. Clearly, it is dif-
ficult to make any firm conclusions from this small study,
and the authors acknowledged their many limitations and
aimed to determine (1) the required cellular dose, (2)
the number and timing of injections, (3) the use of co-
stimulators, (4) best cell subtypes, and (5) selection of the
appropriate stage of disease to treat.

CLINICAL TRIALS OF STEM CELL-BASED
CARTILAGE REPAIR

Ongoing or recently completed unpublished trials address-
ing stem cell therapy for chondral defects of the knee were
reviewed on the clinicaltrials.gov website, and they are pre-
sented in Table 2. Stem cell delivery methods varied and

included direct injections and both 1- and 2-stage implanta-
tions into the defect. General outcome measures included
some of the following: Western Ontario and McMaster Uni-
versities Osteoarthritis Index (WOMAC), VAS, IKDC, Short
Form-12 Health Survey (SF-12), Lysholm, Knee injury and
Osteoarthritis Outcome Score (KOOS), histology, MRI, and
arthroscopic surgery. One group is studying a 1-step proce-
dure using expanded autologous bone marrow—derived
MSCs stimulated with a protein matrix and mixed in a colla-
gen hyaluronic acid scaffold. This paste is then transplanted
into the prepared defect under arthroscopic surgery, with
the addition of platelet-rich plasma (PRP). Also, MSCs are
being compared with Plasmalyte (Baxter, Deerfield, Illi-
nois) and hyaluronan for the treatment of knee osteoarthri-
tis, while another team is following up on patients injected
with different doses of bone marrow—derived MSCs. The
safety and efficacy of human umbilical cord blood-derived
MSCs are being investigated in the United States. This
product is also being compared with microfracture for grade
4 osteoarthritis in another trial.

Currently, ASCs are being investigated for the treat-
ment of chondral defects. Investigators are conducting
a randomized controlled trial of ASCs versus chondrocytes
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TABLE 2
Results for Searching “Stem Cells and Knee” on clinicaltrials.gov®
Title Outcomes Institution No. of Brief Description Identifier
Patients
Transplantation of Bone KOOS, ICRS University of Marseille, 50 Fresh non—culture-expanded autologous BM-  NCT 01159899
Marrow Stem Cells France derived MSCs, stimulated with a protein
Stimulated by Proteins matrix, are mixed in a collagen HA scaffold;
Scaffold to Heal Defects this paste is transplanted into the prepared
Articular Cartilage of the defect, under arthroscopic surgery, with an
Knee injection of PRP
Treatment of Knee VAS, Oswestry, Fundacion Teknon and 12 Used 40 million BM-derived MSCs for grade 2 ~ NCT 01183728
Osteoarthritis With SF-36, MRI IBGM, University of to 4 OA
Autologous Mesenchymal (CartiGram) Valladolid, Spain
Stem Cells
The Effects of Intra-articular ~ WOMAC, VAS Royan Institute, Iran 40 Case-control study; BM-derived MSCs will be ~ NCT 01504464
Injection of Mesenchymal administered at 1 mo and 4 mo after
Stem Cells in Knee Joint harvest; clinical and MRI follow-up to 6 mo
Osteoarthritis
Autologous Stem Cells in ROM, WOMAC, Hospital Universitario 30 One group receives acetaminophen, and the NCT 01485198
Osteoarthritis SF-36, VAS Dr Jose E. Gonzalez, other receives BM-derived MSCs
Mexico
Adult Stem Cell Therapy for VAS, SF-36, Centro Medico Teknon, 15 For grade 2 to 3 OA; at 21 d, 40 million BM- NCT 01227694
Repairing Articular MRI Institut de Terapia derived MSCs injected and clinical and MRI
Cartilage in Gonarthrosis Regenerativa follow-up to 12 mo
Tissular, CETIR
Sant Jordi, Spain
Allogeneic Mesenchymal WOMAC, VAS, Sanjay Gandhi Post 60 Allogenic MSCs used in different doses NCT 01453738
Stem Cells in analgesia Graduate Institute of
Osteoarthritis intake, MRI Medical Sciences,
India
Autologous Mesenchymal SF-12, WOMAC La Paz University 30 RCT of ASCs vs chondrocytes NCT 01399749
Stem Cells vs Chondrocytes Hospital, Spain
for the Repair of Chondral
Knee Defects
Allogeneic Mesenchymal WOMAC, VAS, KPJ Ampang Puteri 72 RCT of BM-derived MSCs vs PlasmaLiyte and  NCT 01448434
Stem Cells for analgesia Specialist Hospital, hyaluronan
Osteoarthritis intake, MRI Malaysia
Evaluation of Safety and IKDC, Lysholm,  Rush University, USA 12 Cartistem is human umbilical cord blood- NCT 01733186
Exploratory Efficacy of KOOS, VAS, derived MSCs; for grade 3 to 4 OA
CARTISTEM, a Cell MRI
Therapy Product for
Articular Cartilage Defects
ADIPOA - Clinical Study WOMAC, ROM, University Hospital of 18 Differing concentrations of ASCs (2 million vs ~ NCT 01585857
SF-8, MRI Montpellier, France 10 million vs 50 million) will be injected into
knees with grade 3 to 4 OA and compared
Study to Compare the ICRS, VAS, Korea University Guro 104 Comparison of Cartistem vs microfracture for =~ NCT 01041001
Efficacy and Safety of biopsy, Hospital, South Korea grade 4 OA
Cartistem and WOMAC,
Microfracture in Patients IKDC
With Knee Articular
Cartilage Injury or Defect
Autologous Adipose Tissue WOMAC, VAS, SMG-SNU Boramae 18 ASCs (10 million vs 50 million vs 100 million) NCT 01300598
Derived Mesenchymal histology, Hospital, South Korea for degenerative OA
Stem Cells Transplantation MRI,
in Patient With arthroscopic
Degenerative Arthritis surgery

“ASC, adipose-derived stem cell; BM, bone marrow; HA, hyaluronic acid; ICRS, International Cartilage Repair Society; IKDC, International Knee Documen-
tation Committee; KOOS, Knee injury and Osteoarthritis Outcome Score; MRI, magnetic resonance imaging; MSC, mesenchymal stem cell; OA, osteoarthritis;
PRP, platelet-rich plasma; RCT, randomized controlled trial; ROM, range of motion; SF-8, Short Form—8 Health Survey; SF-12, Short Form—12 Health Survey;

SF-36, Short Form—-36 Health Survey; VAS, visual analog scale; WOMAC, Western Ontario and McMaster Universities Osteoarthritis Index.

for the repair of chondral knee defects. The ADIPOA trial is
examining the effects of differing concentrations of ASCs
injected into the knees of patients with grade 3 to 4 osteoar-
thritis. A recently published case series highlighted the
effects of ASCs on moderate to severe knee osteoarthritis.’*
After arthroscopic surgery, the investigators harvested the
infrapatellar fat pad, and ASCs were derived and counted

with a hemocytometer. A mean of 1.18 million stem cells
(range, 0.3 million to 2.7 million stem cells) were then pre-
pared with 3.0 mL of PRP and injected back into the
knee. At a minimum 2-year follow-up, the 18-patient study
showed improved clinical and MRI results. The authors con-
cluded that these improved results were positively related
to the number of stem cells injected.
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DISCUSSION

The treatment of articular cartilage defects still remains
a great challenge for the surgeon and scientist alike.
Stem cells have been used with promise in animal studies
and also recently in clinical studies. The success of transla-
tion from the laboratory to the patient remains to be seen.
The purpose of this review was to outline the current role
of stem cells in both animal and clinical cartilage defect
models; to report structural, functional, and clinical bene-
fits; and to highlight their role in the future. A systematic
review was performed on the clinical studies.

There are many animal studies that report the effects of
stem cells on cartilage repair in terms of structural, biome-
chanical, and functional outcomes. The results in small
animals treated with MSCs, either alone or with varying
combinations of growth factors, scaffolds, or gene transfer
agents, have been promising in terms of structural and bio-
mechanical benefits. Large animal models may be more
relevant to human knee anatomy, biomechanics, and clin-
ical outcomes. Sheep, pig, goat, and horse models using
MSCs, with and without growth factors or scaffolds, high-
light the potential for cartilage repair.

The clinical benefits of MSCs in cartilage repair are still
being evaluated. There have been few published large clinical
studies utilizing standardized, established outcome scores, so
the interpretation of results is difficult. A number of studies
involved direct injections of cell suspension into the knee but
showed no evidence that the cells were responsible for the
repair of joint tissues.?>?” There is an increase in the number
of groups around the world that are studying bone marrow—
derived MSCs, ASCs, and human umbilical cord blood-
derived stem cells and their effects on cartilage repair. The
combination of MSCs with scaffolds, growth factors, PRP,
and gene therapy is also being investigated. In other studies,
the direct injection of these stem cells into the knee joint is
being investigated as a therapy for arthritis,?>?7 independent
of the osteochondral repair techniques outlined in this article.
The field of stem cells and cartilage repair is certainly an
exciting one and will continue to expand rapidly.

FUTURE DIRECTIONS AND CHALLENGES

The regulation of stem cell treatment of cartilage defects is
a major challenge. Discussion between regulatory agencies
and individual companies or university laboratories often
remains confidential because of intellectual property issues.
It is important that future trials remain safe and efficacious.
It has been suggested that a joint committee of representa-
tive basic scientists, bioethicists, biostatisticians, clinicians,
and manufacturing/biotechnology representatives should be
established to develop a minimum set of safety and efficacy
parameters.?® These data could then be posted to an online
registry for long-term follow-up.
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