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Abstract
» Regenerative orthopaedics has been used as a biological alternative
to conventional therapy and surgical intervention for treating muscu-
loskeletal conditions associated with limited therapeutic options.

» Orthopaedic investigators have shown promising early clinical results
by developing cell-based approaches to regenerate injured cartilage,
tendon, ligaments, and bone.

» Despite continued research, issues regarding harvesting, delivery of
treatment, cost, indications, and optimal timing of intervention must
be considered.

» Multidisciplinary networks of investigators are essential to achieve
the full clinical and therapeutic potential of mesenchymal stem cells
in orthopaedics.

» Although mesenchymal stem cells offer great promise for the
treatment of degenerative diseases and orthopaedic conditions, there
is still a dearth of properly conducted controlled clinical studies.

I
n1998, a team of researchers led
by James Thomson reported their
successful creation of the first hu-
man embryonic stem cells1. Their

research ushered in a new era for drug
discovery and transplantation medicine. In
the past fewdecades,molecular genetics has
progressed from the laboratory to the clinic
in the hopes of finding new applications.
The use of developmental biology focused
on translational research has helped to
shape the field of regenerative medicine.
Rapid advances in tissue engineering and
cellular therapies have caused a paradigm
shift frompharmacological treatment to the
construction of biological substitutes that
can regenerate diseased organs or injured
tissues2. In orthopaedics, conventional
strategies for treating several musculoskel-
etal conditions, such as osteoarthritis,
still remain ineffective3. Orthopaedic

investigators have begun investigating cell-
based techniques to develop novel thera-
peutic agents to address biological solutions
for orthopaedic conditions.

Orthopaedic injuries that are treated
with operative interventionmay not heal as
intended and complete function may not
be regained. As a result, there has been
increasing focus on understanding the
pathophysiology of orthopaedic disease
processes in order to develop regenerative
interventions for clinical use. Regenerative
orthopaedics was first recognized in 1965
with the discovery of the osteoinductive
properties of bone morphogenetic proteins
(BMPs)4-6. However, the use of BMPs has
proven not to be as dramatically effective in
clinical practice as was once hoped. Several
studies have even highlighted the substan-
tial clinically adverse effects of their use7-9.
Considering the potentially harmful and
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economically expensive implications
of BMP applications, the orthopaedic
community turned research interests
toward identifying cell-based
approaches to regenerating the muscu-
loskeletal system. One of the most
promising cellular sources is mesenchy-
mal stem cells (MSCs).MSCs hold great
potential for the treatment of musculo-
skeletal conditions, and several recent
advances in the field have shown prom-
ise. The purpose of the present com-
prehensive review is to provide an
overview of stem cell research in ortho-
paedics while addressing the potential
clinical applications as well as challenges
of this therapy.

Concept of Stem Cells
What Are Stem Cells?
Stem cells are defined as undifferenti-
ated cells capable of proliferation, self-
renewal, and differentiation into
specialized cell types10. Stem cells are
distinguished by their ability to produce
a particular lineage of cells depending on
the type of stem cell and its extracellular
environment. Stem cells control the re-
placement of several cell types that help
to constitute many different organ sys-
tems, which allows scientists the op-
portunity to generate specific cells to
replace differentiated functions lost
in various disease states.

Types of Stem Cells
In mammals, there are 2 types of stem
cells—embryonic and adult, which vary
in origin and potential to differentiate.
Themain source of embryonic stemcells
(ESCs) is the inner cell mass of a human
blastocyst derived during embryogene-
sis1. Adult stem cells (ASCs), typically
obtained from adult bone marrow, can
develop into 2 types of stem cells: he-
matopoietic stem cells (HSCs) and
mesenchymal stem cells (MSCs)11. The
ability to differentiate becomes more
restricted from the embryonic to the
adult stem cell population. ESCs are
characterized as pluripotent and can
generate all cell types of the embryo.
Although ESCs have the greatest
potential for self-renewal and

differentiation, the legal and ethical
ramifications of this research are highly
controversial and have led to several re-
views of legislation12. Moral issues sur-
rounding the generationof humanESCs
for therapeutic purposes have paved the
path for the intensive study of ASCs.
Despite their limitations in terms of
differentiation, ACSs have the advan-
tage of possible autologous cell therapy,
which reduces the possible immune
response to in vivo therapies.

ASCs can only generate progeni-
tor cells of a specific cell lineage (e.g.,
intestinal cells in villus crypts), which
reduces the overall potency of the stem
cell11. However, in the appropriate
niche, ASCs can become multipotent
and differentiate into multiple
lineages—these cells are known as
mesenchymal stem cells (MSCs)11.
MSCs can be isolated from bone mar-
row, skin, synovium, adipose tissue,
andmany other tissues ofmesenchymal
origin. Recently, adipose tissue has
been cited as an optimal source of
MSCs because of the abundance of
such cells in this tissue12. Other sources
ofMSCs, such as umbilical cordmatrix,
also have been considered; however, the
isolation and amplification of these
cells require careful laboratory manip-
ulation and often are quite time-
consuming13,14. Ultimately, MSCs are
of particular interest in orthopaedics
because of their potential to differenti-
ate into cells that make bone, cartilage,
tendon, and ligaments.

Overview of MSCs
The unique properties of MSCs in
repairing skeletal defects were first de-
scribed by Caplan in 199115. Caplan’s
preliminary experiments formed the
basis for usingMSCs as a treatment plan
to regenerate damaged articular cartilage
and to help maintain bone formation.
MSCs were first harvested from bone-
marrow aspirates but since have been
found in several other tissues in the
body—a property that makes MSCs
an exceptional source of regenerative
capacity in orthopaedics16. MSCs are
not only capable of dividing and

differentiating into several mesenchy-
mal phenotypes, but, of equal impor-
tance, they have been shown to produce
secretory molecules and cytokines that
directly influence regeneration and me-
diate the functional outcomes of tis-
sues17. MSCs also have been shown to
secrete growth factors that have both
autocrine and paracrine effects. Re-
search has identified measurable levels
of bioactive factors from MSCs, such as
transforming growth factor-beta (TGF-
b) and epidermal growth factor (EGF),
which trophically enhance host pro-
genitors to differentiate into functional
regenerative tissues18,19. Current evi-
dence even suggests that these paracrine
trophic effects, rather than MSC differ-
entiation, could be largely responsible
for the repair process17,20,21. For instance,
in cases of severe tissue ischemia involving
the distal third of the meniscus, the
damage site can produce inflammatory
signals such as stromal cell-derived factor
1 (SDF-1) that can signal and attract
MSCs from the marrow to the damage
site22,23. MSCs can then trophically en-
hance its regeneration by secreting factors
that assist the repair process.

Therapeutically, MSCs also have
the advantage of being immune-evasive
and immunosuppressive24,25. MSCs
suppress immune recognition because
they do not display major histocompat-
ibility complex (MHC) class-II cell-
surface markers, which highlights their
lack of an immune response during
allogeneic use. MSCs secrete bioactive
factors that can directly expand B and
T cells to help provide a supportive
microenvironment for the long-term
survival of hematopoiesis. In addition,
MSCs secrete immunosuppressive
factors such as nitric oxide (NO) and
interleukin-10 (IL-10), which help to
inhibit cell proliferation and prevent
host-versus-graft rejection through the
suppression of T-cell responses25-27.
Many researchers have argued that be-
cause MSCs do not express these co-
stimulatory molecules, allogeneicMSCs
could be as effective as autologousMSCs.
The combination of trophic and im-
munosuppressive properties highlights
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the possibility that MSCs could be de-
livered systemically or directly to pro-
mote angiogenesis, inhibit fibrosis, and
stimulate progenitor differentiation.

Despite these several advantages,
MSCs also have a number of limitations.
Studies have shown that, over time,
MSCs eventually become senescent and
irreversibly lose their capacity to di-
vide28. The current number of in vitro
cell divisions before MSCs enter senes-
cence remains unknown; however,
preliminary studies have shown that
prolonged culture might limit their
therapeutic applications29. Further-
more, tissue and bone regeneration
is a complex process that combines
MSCs and bioactive agents within a
3-dimensional scaffold to support the
development of a tissue-specific extra-
cellular matrix30. The ability to establish
this appropriate environment is perhaps
the greatest challenge to obtaining
functionalMSCs. Even after identifying
the correct modality to expand MSCs,
substantial challenges remain for facili-
tating host integration and controlling
tissue-specific differentiation in vivo.
Currently, these issues limit the appli-
cation of MSCs, and further research is
required to characterize the appropriate
growth factors and scaffold technology
to expand their indications.

Two modes of application can be
used to applyMSCs: (1) cell therapy and
(2) tissue engineering. Typically, the
first step in developing MSCs is to as-
pirate bone marrow, commonly from
the anterior or posterior iliac crest
(which have been shown to have a higher
yield forMSCs than other bone-marrow
locations31). The aspirate is then
centrifuged to concentrate the cells and
the precipitate is then separated from the
solution and expanded in culturemedia.
Increasing the number and purity of
cells in culture is a critical factor that can
directly impact the eventual clinical ef-
fect32. The final step involves choosing
the route of administration: percutane-
ous injection with a suitable scaffold or
arthroscopic placement directly into a
lesion. In contrast, tissue engineering
combines MSCs with a 3-dimensional

matrix, such as hydroxyapatite (HA),
demineralized bone matrix (DBM),
and/or tricalcium phosphate (TCP), to
compose a construct to regenerate new
tissues or organs33. These constructs
have been successfully manufactured in
the laboratory; however, clinical appli-
cation is presently disallowed by the
United States Food and Drug Admin-
istration (FDA) as only minimally ma-
nipulated cells (e.g., centrifuged cells)
without carrier or delivery vehicle can
be cleared for clinical use.

Trauma
Nonunions and Bone Defects
Despite the natural ability of most
fractures to heal, some fractures still
fail to unite or go on to fibrous union.
Following conservative or operative
treatment, a failure of bone fracture-
healing occurs in 10% of all patients, or
approximately 300,000 each year in the
U.S34. In instances of delayed union or
nonunion following trauma, autolo-
gous and allogeneic cancellous graft
is commonly used to provide osteo-
conductive and osteoinductive sub-
strates to optimize healing potential35.
Studies have shown that treatmentwith
DBM has led to successful consolida-
tion at nonunion sites36. The use of
bone graft is typically limited because
of inadequate supply, transmission
of infection, and donor-site morbidity.
MSCs have demonstrated osteogenic
potential and have been shown to be a
source of bone formation to promote
the regeneration of osseous defects.
Althoughwe are not aware of any Level-
I randomized controlled trials regard-
ing the use of MSCs for the treatment
of nonunions, a number of successful
laboratory and clinical studies have
demonstrated the ability of MSCs
to regenerate bone37-40.

Several investigators have de-
scribed the use of purified MSCs to
treat segmental bone defects in pre-
clinical models. Bruder et al. isolated
and culture-expanded MSCs from
normal human bone marrow, loaded
them onto a ceramic carrier, and
implanted them into critical-sized

segmental defects in the femora of adult
athymic rats37. The study revealed that
femora that had been implanted with
MSC-loaded ceramics were signifi-
cantly (p5 0.001) stronger than those
that received cell-free ceramics, which
was one of the first demonstrations that
human MSCs can regenerate bone in
a clinically meaningful osseous defect.
Connolly et al., in a study of 20 patients
who were managed with MSCs for the
treatment of nonunited tibial fractures
over a 5-year period, reported sufficient
callus formation to achieve union in
18 patients38. Garg et al., in a study on
the use of percutaneous MSC grafting
to stimulate healing of nonunited long-
bone fractures, reported that 17 of 20
nonunions healed in 5 months39. Goel
et al., in a prospective study on the use
of percutaneous bone-marrow grafting
for the treatment of established tibial
nonunions associated with minimal
deformity, reported clinical and radio-
graphic union in 15 of 20 patients, with
an average interval of 14weeks between
the first injection and union40.
Hernigou et al. aspirated MSCs from
the anterior iliac crest and injected
them into noninfected atrophic non-
unions of the tibia32. Bone union was
obtained in 53 of 60 patients at a mean
of 12 weeks. That study showed not
only that percutaneous autologous
bone-marrow grafting is an effective
method for the treatment of atrophic
tibial diaphyseal nonunions but also
that optimal healing potential is actu-
ally also related to the number and
concentration of progenitor cells in the
graft. Despite the challenges presented
by nonunions, those studies highlight
evidence that MSCs may present a
biological option for the treatment
of nonunions andbone-healing defects.

Arthroplasty
Osteonecrosis
Osteonecrosis of the femoral head
(ONFH) is a progressive disease char-
acterized by a decreased blood supply to
the bone and eventual articular cartilage
collapse that typically affects younger
populations41. Although multiple
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etiological risk factors exist, the exact
pathophysiology remains unclear. Even
though various therapeutic options are
available, including core decompres-
sion, osteotomy, and pharmacological
agents, their efficacy has been limited,
and as many as 40% of patients progress
to total hip arthroplasty42. In turn, there
has been increased focus on early inter-
ventions to preserve the native articula-
tion. Given their osteogenic and
angiogenic properties,MSCs have been
introduced into areas of necrosis in the
hopes of revitalizing and remodeling
the necrotic bone and preventing
collapse. Hernigou and Beaujean de-
scribed a technique for the injection
of MSCs combined with standard core
decompression to repopulate the tra-
becular bone structure43. Their study
included 189 hips (116 patients) that
were followed for 5 to 10 years. The
majority of patients with early disease
(Association Research Circulation
Osseous [ARCO] Stages I and II44)
demonstrated satisfactory results (as
indicted by improvement of the Harris
hip score [HHS], radiographic find-
ings, and refusal of total hip arthro-
plasty) at 5 years of clinical follow-up.
Only 9 of the 145 hipswith Stage-I or II
disease at the time of intervention re-
quired total hip arthroplasty, compared
with 25 of the 44 hips with Stage-III or
IV disease. The authors also showed
that patients who had had a greater
number of progenitor cells trans-
planted into the hip had better out-
comes. Gangji et al. conducted a
controlled, double-blind, prospective
study of 13 patients (18 hips) with
ONFH (before collapse) who were
managedwith core decompressionwith
or without concentrated bone-marrow
aspirate according to the Hernigou
method45. After 24months, there was a
significant reduction in pain and joint
symptoms in the bone-marrow-graft
group (p5 0.021). There was also a
significant difference between the 2
groups in terms of the time to collapse
(p5 0.016), and the volume of the
necrotic lesions decreased by 35%
in the bone-marrow-graft group.

Sen et al., in a study of 40 patients
(51 hips) with ONFH who were ran-
domized to treatment with core decom-
pression or autologous bone-marrow
mononuclear cell instillation into the core
tract after core decompression, reported
significantly (p, 0.05) better clinical
outcomes (according to the HHS) and
mean hip survival in patients who were
managed with MSCs46. They also high-
light that improvementwasmoremarked
in patients with poor prognostic features,
including low HHS scores, the presence
of radiographic changes, and edema
and/or effusion on magnetic resonance
imaging (MRI).Wang et al., in a study of
15 patients with Stage-II or III ONFH,
evaluated a strategy involving thorough
debridement that was based on the
premise that a part of the technique leads
to core decompression and revasculari-
zation of the femoral head47. The authors
reported an overall success rate of 80% as
determined on the basis of the HHS, ra-
diographic progression, and the need for
total hip arthroplasty.Theyhighlight that
their procedure is most effective in pa-
tients with small lesions and early-stage
ONFH. Ultimately, with proper patient
selection, the use of MSCs shows prom-
ising results as an effective treatment
for early stages of ONFH.

Cartilage and Osteoarthritis
Articular cartilage has limited potential
for self-regeneration, and injury to
articular cartilage can lead to the
development and progression of osteo-
arthritis (OA). In addition to the avas-
cularity of articular cartilage, adult
chondrocytes do not produce adequate
functional matrix to compensate for
damage and depletion, which contrib-
utes to arthritic changes48. Despite ad-
vances in pharmacological interventions
for the treatment of OA, conventional
strategies have not been as effective for
preventingOA progression49. Although
autologous chondrocyte implantation
(ACI) has been shown to restore artic-
ular cartilage defects in otherwise nor-
mal joints, a thorough discussion of
this technology is beyond the scope
of the present review.

Several animal models have dem-
onstrated the potential value of MSCs
in the regeneration of articular cartilage.
Shafiee et al. demonstrated that poly
(vinyl alcohol)/polycaprolactone (PVA/
PCL) scaffolds supported the prolifera-
tion and chondrogenic differentiation of
MSCs in vitro50. Tay et al. showed that
treatment with allogeneic undifferenti-
ated MSCs resulted in higher Brittberg
morphological scores and similar
cartilage-regeneration profiles when
comparedwith conventional autologous
chondrocytes for the repair of focal
articular cartilage defects51,52. Chiang
et al., in a rabbit study, found that os-
teoarthritic knees that were treated with
MSCs and hyaluronic acid (HA) un-
derwent less cartilage loss, had fewer
surface abrasions, and had improved
cartilage when compared with contra-
lateral knees that were treated with HA
alone53.

Nejadnik et al., in a study of 72
patients who were matched for age and
lesion site, evaluated the clinical out-
comes of cartilage repair with use of
chondrocytes (n5 36) or bonemarrow-
derived MSCs (BMSCs) (n5 36)54.
BMSCs were aspirated from the iliac
crest andwere cultured inmediawithout
antibiotics until being implanted be-
neath a periosteal patch from the proxi-
mal part of the tibia or distal part of
the femur. Clinical outcomes were
measured before the operation and at
3, 6, 9, 12, 18, and 24 months after the
operation with use of the International
Cartilage Repair Society (ICRS) Carti-
lage Injury Evaluation Package55. The
authors reported that BMSCs were as
effective as chondrocytes for articular
cartilage repair and that their use also
required 1 fewer knee operation, re-
duced costs, and minimized donor-site
morbidity. In the study by Vega et al.,
30 patients with chronic knee pain that
had been unresponsive to conservative
treatment and was associated with ra-
diographic evidence of osteoarthritis
were randomized to treatment with
either MSCs (403 106 cells, adminis-
tered by means of medial parapatellar
injection) or intra-articular HA (60 mg,

| A Comp r e h e n s i v e R e v i e w o f S t em -C e l l T h e r a p y

4 AUGUST 2017 · VOLUME 5, ISSUE 8 · e15



administered as a single dose)56. The
patients were followed for 1 year with
regard to disability, pain, and quality
of life. The patients in the MSC group
exhibited significant (p, 0.005) im-
provement of algofunctional indices for
OA and improved cartilage quality as
measured with T2 relaxation measure-
ments. Buda et al. reported on 30 pa-
tients with osteochondral lesions of the
knee who underwent a 1-step procedure
in which bone marrow was harvested
from the posterior iliac crest and
arthroscopically implanted with a colla-
gen membrane scaffold into the lesion
site57. After 3 years of follow-up, control
MRI and biopsy samples showed
osteochondral regeneration at the lesion
site. Each of the studies described above
highlights the potential of MSCs to
inhibit the progression of OA.

Autologous Chondrocyte
Implantation
Another cell-based treatment that has
been implemented is autologous chon-
drocyte implantation (ACI). To fully
appreciate the benefits of MSCs, it is
useful to compare MSC-based treat-
ments with ACI. ACI is a complex pro-
cedure that involves surgical removal of
articular cartilage, the use of collagenases
to digest the extracellular matrix and
isolate the chondrocytes, and expansion
of the cell count in vitro. After the cul-
tivation of sufficient cells, the cultured
chondrocytes are injected into periosteal
graft covering the affected lesion58.
Although ACI has shown success in
promoting cartilage growth, studies
have raised several concerns regarding
the procedure and the eventual de-
differentiation of the chondrocytes59.
ACI requires harvesting healthy carti-
lage tissue for chondrocyte cultivation,
which is a critical step that is bypassed
when MSCs are used. The self-renewal
capacity and multilineage differentia-
tion potential ofMSCs allow researchers
to avoid the surgical step of cartilage
biopsy that is required in ACI, which,
depending on the depth and size of
the harvested tissue, has been reported
to be a potential cause of donor-site

morbidity60. Other complications asso-
ciated with the use of ACI for cartilage
repair include hypertrophy of the carti-
lage or periosteal graft material, graft
failure, and extended culture times61. In
short, ACI has shown encouraging re-
sults to improve joint function without
violating intact hyaline cartilage.

Sports
ACL Reconstruction
Although operative intervention re-
mains the current standard of treatment
for anterior cruciate ligament (ACL)
tears, long-term clinical success rates
still have not exceeded 85% to
90%62,63. The success of ACL recon-
struction has largely been limited by
delayed graft incorporation into the
bone and failure to recreate the complex
anatomy of the native ACL, leading to
variability in long-term function and
graft fixation64. Silva et al. prospectively
randomized 20 patients to ACL recon-
struction with adult non-cultivated
BMSCs and 23 patients to ACL
reconstruction without adult non-
cultivated MSCs65. There was no dif-
ference between the groups in terms of
the signal-to-noise ratio of the interzone
on MRI at 3 months, and the authors
concluded that BMSCs did not accel-
erate graft-to-bone healing in ACL re-
construction. Soon et al. performed
bilateral ACL reconstruction with use
of Achilles tendon allografts in 36 rab-
bits66. One limb received a graft coated
with autogenous MSCs in a fibrin glue
carrier, whereas the contralateral limb
served as a control and received no
MSCs. The study showed that although
the MSC-enhanced grafts had signifi-
cantly higher load-to-failure rates than
the controls (p,0.05), the stiffness and
Young’s modulus were lower in the
treatment group. That study highlights
that MSCs could have a role in tendon-
bone healing during ACL reconstruc-
tion, but these grafts need to be further
studied to investigate their usefulness.

Rotator Cuff and Tendons
Another research focus has been on
using MSCs to improve the biological

environment around healing tendons.
Tendons are primarily composed of
collagen and do not heal as quickly as
other soft tissues because of their lack of
vascularity67. MSCs have been used in
animal models to increase the healing of
the graft to bone and eventual long-term
strength and overall function. Gulotta
et al., in a studyof 98 rats that underwent
unilateral detachment and repair of the
supraspinatus tendon, found that the
addition of MSCs to the healing rotator
cuff insertion site did not improve the
structure, composition, or strength of
the healing tendon attachment site68.
However, Lim et al. reported that ten-
don grafts coated with MSCs showed
accelerated tunnel healing from the tib-
ial plateau to the tibial tuberosity and
early remodeling of the tendon-bone
junction in a rabbit model69. Ellera
Gomes et al. investigated 14 patients
with complete rotator cuff tears who
were treated with transosseous stitches
through mini-open incisions, with
subsequent injection of bone marrow
mononuclear cells (BMMCs), ob-
tained from the iliac crest prior to sur-
gery, into the tendon borders70. After
a minimum duration of follow-up
of 1 year, the mean UCLA shoulder
score71 increased from 126 3.0 to
316 3.2 and MRI analysis demon-
strated tendon integrity in all 14 cases.
The authors concluded that the im-
plantation of BMMCs in rotator cuff
sutures appears to be a safe and prom-
ising alternative to other biological
approaches currently used to enhance
tissue quality in affected tendons.

Young et al., in a rabbit Achilles
tendon gap model, reported signifi-
cantly greater load-related structural and
material properties at all time intervals
in tendons that were treated withMSCs
than in contralateral (control) tendons
that were treated with suture alone with
natural cell recruitment72. Chong et al.,
in a rabbit study, tested the hypothesis
that MSCs can accelerate tendon-
healing after primary repair of a tendon
injury73. The authors found no differ-
ences between the treatment and control
groups with regard to the gross
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morphology of the tendons but noted
that biomechanical testing showed an
improved modulus in the treatment
group at 3 weeks. In a recent clinical
case-controlled study, Hernigou et al.
showed that BMSC injection as an ad-
junctive therapy during rotator cuff re-
pair significantly (p, 0.05) enhanced
the healing rate and improved the qual-
ity of the repair surface as determined
with ultrasound andMRI74. At the time
of the 10-year follow-up, intact rotator
cuffs were found in 39 (87%) of 45 pa-
tients in the MSC-treated group, com-
pared with only 20 (44%) of 45 patients
in the control group. However, despite
these successful findings, there is still
no consensus on whether the use of
MSCs is effective for enhancing rotator
cuff healing.

Meniscus
Following conservative treatment of
meniscal tears, arthroscopic resection is
typically necessary. However, this pro-
cedure has been associated with early on-
set of OA and other complications75,76.
In turn, the lack of noninvasive treatment
for meniscal damage presents a major
therapeutic challenge. Moriguchi et al.,
in a porcine model, showed that, after 6
months, scaffold-free, tissue-engineered
construct (TEC)-treated defects were
consistently repaired with a fibrocartilag-
inous tissue, with considerable tissue in-
tegration to the adjacent host meniscal
tissue, whereas untreated defects were ei-
ther partially repaired or not repaired77.
Moreover, TEC treatment significantly
(p5 0.008) reduced the size and severity
of posttraumatic chondral lesions on the
tibial plateau. Dutton et al. also studied
the use of MSCs to enhance the healing
of avascular meniscal tears78. Histological
andmacroscopic findings showed that the
repair of meniscal tears in the avascular
zone was significantly (p, 0.001) im-
provedwithMSCs, but the improvement
only constituted about25%of thenormal
biomechanical properties as expressed by
Young’s modulus. Vangsness et al. per-
formed a randomized, double-blind,
controlled study of 55 patients who un-
derwent a partialmedialmeniscectomy79.

Patients were randomized to receive an
injection of 503 106 allogeneic MSCs
(Group A), 1503 106 allogeneic MSCs
(Group B), or HA (control). The authors
reported that there was a significant (p5
0.022) increase in meniscal volume (de-
fined a priori as a 15% threshold) as de-
termined by means of quantitative MRI
and a significant (p5 0.04) reduction in
visual analogpain scoreswhenthepatients
in the MSC groups were compared
with those in the control group.

Spine
Spinal Fusion
In certain patients, lumbar spinal fusion
remains the only option to relieve back
symptoms and restore spinal function.
Autograft from the iliac crest has been
thegold standard for fusionmaterial, but
the morbidity associated with the har-
vest and the desire for an off-the-shelf
material or more efficient process have
influenced investigators to find better
methods80-83. In the study by Neen
et al., 50 patients who were managed
with Healos (a Type-I collagen/
hydroxyapatite matrix; DePuy) soaked
in bone-marrow aspirate were compared
with 50 patients who were managed
with autograft from the iliac crest84. The
rates of radiographic fusion were equiv-
alent for the 2 groups, with no signifi-
cant difference in subjective and
objective clinical outcomes. More
importantly, there were no lasting
complications in the Healos group,
compared with a 14% rate of persistent
donor-site complications in the auto-
graft group. Gan et al. used a new
method based on enriched bone
marrow-derived MSCs combined with
porous b-TCP in a study of 41 patients
undergoing posterior spinal fusion85.
After 34.5 months, 95.1% of the pa-
tients in the MSC group showed con-
solidation and only 2 had nonunion.

Intervertebral Disc Degeneration
Therapeutic approaches to discogenic
back pain typically rely on conservative
treatment and surgical options such
as fusion with or without discectomy.
Although these options can provide

symptomatic relief, they do not address
the underlying issue. The difficulty in
understanding how MSCs can best be
used therapeutically for this condition is
that animal models do not mimic the
slow, progressive degenerative changes
seen in humans. Sakai et al. transplanted
autologous MSCs into the discs of rab-
bits that had undergone a procedure
proven to induce degeneration86. The
study showed that MSC-transplanted
model subjects had preserved disc
structure with minimal degeneration
at all time periods compared with
degeneration-induced models. Further-
more, primarymorphological features of
disc degeneration, cell depletion in the
nucleus pulposus, and disorientation of
oval anular structure were prevented by
injection of atelocollagen gel embedded
withMSCs. In the study by Henriksson
et al., 3 lumbar discs in each of 9 mini-
pigs were injured by means of aspiration
of the nucleus pulposus and then were
injected with human MSCs87. The au-
thors found that humanMSCs survived
in the porcine disc for at least 6 months
and expressed typical chondrocyte
markers suggesting differentiation
toward disc-like cells.

Potential Challenges
Despite progress in the field of regener-
ative orthopaedics, a number of issues
still need to be addressed prior to the
general adoption of these clinical thera-
pies. Stem-cell research also has come
under close scrutiny by the FDA88.
Currently, the only stem cell-based
treatment approved by the FDA is bone-
marrow transplantation89. There has
been an ongoing debate about whether
autologous MSCs are biological drugs
subject to FDA approval or simply hu-
man cellular products. In early 2014, the
U.S. Court of Appeals for the District of
Columbia Circuit upheld a 2012 ruling
that a patient’s stem cells for therapeutic
use fall under the aegis of the FDA90.
The FDA strongly contends that any
process that includes culturing, expan-
sion, and the addition of growth factors
or antibiotics requires regulation as
the process constitutes substantial
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manipulation. The FDA also has raised
concern regarding the risk of tumori-
genesis and the formation of ectopic
tissue. However, Hernigou et al., in a
study investigating the hypothesis that
regenerative cell-based therapies could
result in increased risk of local tumor
recurrence, found no increase in this risk
at an average of 15.4 years after cell-
based therapy involving autologous
MSCs91. Moreover, in a retrospective
analysis of nearly 1,900 patients who
were managed with bone marrow-
derived concentrated cells, Hernigou
et al. found no increase in the risk of
cancer at the treatment site or elsewhere
after an average duration of follow-up of
12.5 years92. Both of those investiga-
tions showed no justification for the
current FDA position as the cancer risk
remains theoretical and has not been
shown to be increased in orthopaedic
patients managed with MSCs.

Identifying the optimal time to in-
corporate regenerative therapies into the
treatment of orthopaedic disease states is
another key issue related to stem-cell
therapy. Many questions remain with
regard to the ideal patient population and
the exact indications for when bioactive
agents should be introduced to patient
care. Another important prerequisite to
MSC therapy is the ability to generate
adequate numbers of the correct cells that
specifically target the involved tissue.Cell
expansion requires having the appropri-
ate 3-dimensional extracellular matrix
that is structurally and biomechanically
compliant with the demands of host tis-
sue. In order to be effective for therapy,
cells also must be immunologically
compatible and able to fully integrate
with the native environment. Scientists
must continue tobuildonexistinganimal
models to answer these questions. Cost-
effectiveness and insurance approval are
other issues thatwill need to be addressed
as stem-cell therapy becomes more
commonly integrated into clinical or-
thopaedic practice.

Conclusion
Although MSCs have shown promise
in orthopaedics, more high-quality,

evidence-based research is required to
better understand how to utilize these
cells innovatively and effectively. Several
orthopaedic conditions still have inade-
quate and costly treatment strategies
that warrant further investigations of
cell-based therapies. Delivery mecha-
nisms, the timing of intervention, dos-
age size, and immunogenicity are issues
that require a network of multidisci-
plinary investigators (including ortho-
paedic surgeons, molecular biologists,
immunologists, bioengineers, and
economists) for future study. Current
evidence suggests that MSCs may pro-
vide an option for various musculoskel-
etal diseases, but several challenges
remain in the translation of these re-
generative therapies to clinical practice.
Further research and long-term clinical
trials are necessary to better understand
MSCs and determine their exact role
in the orthopaedic armamentarium.

Ameer Elbuluk, BA1,
Thomas A. Einhorn, MD1,
Richard Iorio, MD1

1Department of Orthopaedic Surgery,
NYU Langone Medical Center, Hospital
for Joint Diseases, New York, NY

E-mail address for A. Elbuluk:
ameer.elbuluk@nyumc.org
E-mail address for T.A. Einhorn:
thomas.einhorn@nyumc.org
E-mail address for R. Iorio:
richard.iorio@nyumc.org

References
1. Thomson JA, Itskovitz-Eldor J, Shapiro SS,
WaknitzMA, Swiergiel JJ, Marshall VS, Jones JM.
Embryonic stem cell lines derived from human
blastocysts. Science. 1998 Nov 6;282(5391):
1145-7.

2. Laurencin CT, Ambrosio AM, Borden MD,
Cooper JA Jr. Tissue engineering: orthopedic
applications. Annu Rev Biomed Eng. 1999;1:
19-46.

3. Qin J, Theis KA, Barbour KE, Helmick CG,
Baker NA, Brady TJ; Centers for Disease
Control and Prevention (CDC). Impact of
arthritis and multiple chronic conditions on
selected life domains - United States, 2013.
MMWR Morb Mortal Wkly Rep. 2015 Jun 5;64
(21):578-82.

4. Urist MR. Bone: formation by autoinduction.
Science. 1965 Nov 12;150(3698):893-9.

5. Urist MR, Dowell TA, Hay PH, Strates BS.
Inductive substrates for bone formation. Clin
Orthop Relat Res. 1968 Jul-Aug;(59):59-96.

6. Axelrad TW, Kakar S, Einhorn TA. New
technologies for the enhancement of skeletal
repair. Injury. 2007 Mar;38(Suppl 1):S49-62.

7. Laursen M, Høy K, Hansen ES, Gelineck J,
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Chow TY, Séguin C. Avascular necrosis of
the femoral head: vascular hypotheses.
Endothelium. 2006 Jul-Aug;13(4):237-44.

42. Issa K, Pivec R, Kapadia BH, Banerjee S,Mont
MA. Osteonecrosis of the femoral head: the
total hip replacement solution. Bone Joint J.
2013 Nov;95-B(11)(Suppl A):46-50.

43. Hernigou P, Beaujean F. Treatment of
osteonecrosis with autologous bone marrow
grafting. Clin Orthop Relat Res. 2002 Dec;(405):
14-23.

44. Gardeniers JW. A new international
classification of osteonecrosis of the ARCO
Committee on terminology and classification.
J Jpn Orthop Assoc. 1992;66:18-20.

45. Gangji V, Hauzeur JP, Matos C, De
Maertelaer V, Toungouz M, Lambermont M.
Treatment of osteonecrosis of the femoral head
with implantation of autologous bone-marrow
cells. A pilot study. J Bone Joint Surg Am. 2004
Jun;86(6):1153-60.

46. Sen RK, Tripathy SK, Aggarwal S, Marwaha
N, Sharma RR, Khandelwal N. Early results of
core decompression and autologous bone
marrow mononuclear cells instillation in
femoral head osteonecrosis: a randomized
control study. J Arthroplasty. 2012 May;27(5):
679-86. Epub 2011 Oct 13.

47.Wang T, Wang W, Yin ZS. Treatment of
osteonecrosis of the femoral head with
thorough debridement, bone grafting and
bone-marrow mononuclear cells implantation.
Eur J Orthop Surg Traumatol. 2014 Feb;24(2):
197-202. Epub 2013 Jan 6.

48. Muir H. The chondrocyte, architect of
cartilage. Biomechanics, structure, function
and molecular biology of cartilage matrix
macromolecules. BioEssays. 1995 Dec;17(12):
1039-48.

49. Laev SS, Salakhutdinov NF. Anti-arthritic
agents: progress and potential. Bioorg Med
Chem. 2015 Jul 1;23(13):3059-80. Epub 2015
May 13.

50. Shafiee A, Soleimani M, Chamheidari GA,
Seyedjafari E, Dodel M, Atashi A, Gheisari Y.
Electrospun nanofiber-based regeneration of
cartilageenhancedbymesenchymal stemcells.
J BiomedMater Res A. 2011 Dec 1;99(3):467-78.
Epub 2011 Sep 1.

51. Tay LX, Ahmad RE, Dashtdar H, Tay KW,
Masjuddin T, Ab-Rahim S, Chong PP,
Selvaratnam L, Kamarul T. Treatment
outcomes of alginate-embedded allogenic
mesenchymal stem cells versus autologous
chondrocytes for the repair of focal articular
cartilage defects in a rabbit model. Am J Sports
Med. 2012 Jan;40(1):83-90. Epub 2011 Sep 13.

52. Brittberg M, Winalski CS. Evaluation of
cartilage injuries and repair. J Bone Joint Surg
Am. 2003;85(Suppl 2):58-69.

53.Chiang ER,MaHL,Wang JP, Liu CL, Chen TH,
Hung SC. Allogeneic mesenchymal stem cells
in combination with hyaluronic acid for the
treatment of osteoarthritis in rabbits. PLoS
ONE. 2016 Feb 25;11(2):e0149835.

54.Nejadnik H, Hui JH, Feng Choong EP, Tai BC,
Lee EH. Autologous bone marrow-derived
mesenchymal stem cells versus autologous
chondrocyte implantation: an observational
cohort study. Am J Sports Med. 2010 Jun;38(6):
1110-6. Epub 2010 Apr 14.

55. vandenBorneMP,RaijmakersNJ, Vanlauwe
J, Victor J, de Jong SN, Bellemans J, Saris DB;
International Cartilage Repair Society.
InternationalCartilageRepair Society (ICRS) and
Oswestry macroscopic cartilage evaluation
scores validated for use in autologous
chondrocyteimplantation (ACI) and
microfracture. Osteoarthritis Cartilage. 2007
Dec;15(12):1397-402. Epub 2007 Jul 2.

56. Vega A, Martı́n-Ferrero MA, Del Canto F,
Alberca M, Garcı́a V, Munar A, Orozco L, Soler R,
Fuertes JJ, HuguetM, Sánchez A, Garcı́a-Sancho
J. Treatment of knee osteoarthritis with
allogeneic bone marrow mesenchymal
stem cells: a randomized controlled trial.
Transplantation. 2015 Aug;99(8):1681-90.

57. Buda R, Vannini F, Cavallo M, Grigolo B,
Cenacchi A, Giannini S. Osteochondral lesions
of the knee: a new one-step repair technique
with bone-marrow-derived cells. J Bone Joint
Surg Am. 2010 Dec;92(Suppl 2):2-11.

58. Dell’Accio F, Vanlauwe J, Bellemans J,
Neys J, De Bari C, Luyten FP. Expanded
phenotypically stable chondrocytes persist
in the repair tissue and contribute to cartilage
matrix formation and structural integration
in a goat model of autologous chondrocyte
implantation. J Orthop Res. 2003 Jan;21(1):
123-31.

59. Schnabel M, Marlovits S, Eckhoff G,
Fichtel I, Gotzen L, Vécsei V, Schlegel J.
Dedifferentiation-associated changes in
morphology and gene expression in primary
human articular chondrocytes in cell culture.
Osteoarthritis Cartilage. 2002 Jan;10(1):
62-70.

60. Matricali GA, Dereymaeker GP, Luyten FP.
Donor site morbidity after articular cartilage
repair procedures: a review. Acta Orthop Belg.
2010 Oct;76(5):669-74.

61.Harris JD, Siston RA, Brophy RH, Lattermann
C, Carey JL, FlaniganDC. Failures, re-operations,
and complications after autologous
chondrocyte implantation—a systematic
review. Osteoarthritis Cartilage. 2011 Jul;19(7):
779-91. Epub 2011 Feb 17.

62. Biau DJ, Tournoux C, Katsahian S, Schranz
PJ, Nizard RS. Bone-patellar tendon-bone
autografts versus hamstring autografts for
reconstruction of anterior cruciate ligament:
meta-analysis. BMJ. 2006 Apr 29;332(7548):
995-1001. Epub 2006 Apr 7.

63. Spindler KP, Kuhn JE, Freedman KB,
Matthews CE, Dittus RS, Harrell FE Jr. Anterior
cruciate ligament reconstruction autograft
choice: bone-tendon-bone versus hamstring:
does it really matter? A systematic review. Am J
Sports Med. 2004 Dec;32(8):1986-95.

64. Gifstad T, Drogset JO, Viset A, Grøntvedt T,
Hortemo GS. Inferior results after revision ACL
reconstructions: a comparison with primary
ACL reconstructions. Knee Surg Sports
Traumatol Arthrosc. 2013 Sep;21(9):2011-8.
Epub 2012 Dec 14.

| A Comp r e h e n s i v e R e v i e w o f S t em -C e l l T h e r a p y

8 AUGUST 2017 · VOLUME 5, ISSUE 8 · e15



65. Silva A, Sampaio R, Fernandes R, Pinto E.
Is there a role for adult non-cultivated bone
marrow stem cells in ACL reconstruction? Knee
Surg Sports Traumatol Arthrosc. 2014 Jan;22(1):
66-71. Epub 2012 Nov 2.

66. Soon MY, Hassan A, Hui JH, Goh JC, Lee EH.
An analysis of soft tissue allograft anterior
cruciate ligament reconstruction in a rabbit
model: a short-term study of the use of
mesenchymal stem cells to enhance tendon
osteointegration. Am J SportsMed. 2007 Jun;35
(6):962-71. Epub 2007 Mar 30.

67. Liu CF, Aschbacher-Smith L, Barthelery NJ,
Dyment N, Butler D, Wylie C. What we should
know before using tissue engineering
techniques to repair injured tendons: a
developmental biology perspective. Tissue Eng
Part B Rev. 2011 Jun;17(3):165-76. Epub 2011
Mar 21.

68. Gulotta LV, Kovacevic D, Packer JD, Deng
XH, Rodeo SA. Bone marrow-derived
mesenchymal stem cells transduced with
scleraxis improve rotator cuff healing in a rat
model. AmJSportsMed. 2011 Jun;39(6):1282-9.
Epub 2011 Feb 18.

69. Lim JK, Hui J, Li L, Thambyah A, Goh J,
Lee EH. Enhancement of tendon graft
osteointegration using mesenchymal stem
cells in a rabbit model of anterior cruciate
ligament reconstruction. Arthroscopy. 2004
Nov;20(9):899-910.

70. Ellera Gomes JL, da Silva RC, Silla LM, Abreu
MR, Pellanda R. Conventional rotator cuff repair
complemented by the aid of mononuclear
autologous stem cells. Knee Surg Sports
TraumatolArthrosc. 2012Feb;20(2):373-7. Epub
2011 Jul 20.

71. Amstutz HC, Sew Hoy AL, Clarke IC. UCLA
anatomic total shoulder arthroplasty. Clin
Orthop Relat Res. 1981 Mar-Apr;(155):7-20.

72. Young RG, Butler DL, Weber W, Caplan AI,
Gordon SL, Fink DJ. Use of mesenchymal stem
cells in a collagen matrix for Achilles tendon
repair. J Orthop Res. 1998 Jul;16(4):406-13.

73. Chong AK, Ang AD, Goh JC, Hui JH, Lim AY,
Lee EH, Lim BH. Bonemarrow-derived
mesenchymal stem cells influence early tendon-
healing in a rabbit Achilles tendonmodel. J Bone
Joint Surg Am. 2007 Jan;89(1):74-81.

74. Hernigou P, Flouzat Lachaniette CH,
Delambre J, Zilber S, Duffiet P, Chevallier N,
RouardH. Biologic augmentation of rotator cuff
repair with mesenchymal stem cells during
arthroscopy improves healing and prevents

further tears: a case-controlled study. Int
Orthop. 2014 Sep;38(9):1811-8. Epub 2014
Jun 7.

75. Petty CA, Lubowitz JH. Does arthroscopic
partial meniscectomy result in knee
osteoarthritis? A systematic review with a
minimum of 8 years’ follow-up. Arthroscopy.
2011 Mar;27(3):419-24. Epub 2010 Dec 3.

76. Allen PR, Denham RA, Swan AV. Late
degenerative changes after meniscectomy.
Factors affecting the knee after operation.
J Bone Joint Surg Br. 1984 Nov;66(5):666-71.

77. Moriguchi Y, Tateishi K, Ando W,
Shimomura K, Yonetani Y, Tanaka Y, Kita K, Hart
DA, Gobbi A, Shino K, Yoshikawa H, Nakamura
N. Repair of meniscal lesions using a scaffold-
free tissue-engineered construct derived from
allogenic synovial MSCs in a miniature swine
model. Biomaterials. 2013 Mar;34(9):2185-93.
Epub 2012 Dec 20.

78. Dutton AQ, Choong PF, Goh JC, Lee EH, Hui
JH. Enhancement of meniscal repair in the
avascular zone using mesenchymal stem cells
in a porcine model. J Bone Joint Surg Br. 2010
Jan;92(1):169-75.

79. Vangsness CT Jr, Farr J 2nd, Boyd J, Dellaero
DT, Mills CR, LeRoux-Williams M. Adult human
mesenchymal stem cells delivered via intra-
articular injection to the knee following partial
medial meniscectomy: a randomized, double-
blind, controlled study. J Bone Joint Surg Am.
2014 Jan 15;96(2):90-8.

80. Goldberg VM, Stevenson S. Natural history
of autografts and allografts. Clin Orthop Relat
Res. 1987 Dec;(225):7-16.

81. France JC, Yaszemski MJ, Lauerman WC,
Cain JE, Glover JM, Lawson KJ, Coe JD, Topper
SM. A randomized prospective study of
posterolateral lumbar fusion. Outcomes with
and without pedicle screw instrumentation.
Spine. 1999 Mar 15;24(6):553-60.

82. Fischgrund JS, Mackay M, Herkowitz HN,
Brower R,Montgomery DM, Kurz LT. 1997 Volvo
Award winner in clinical studies. Degenerative
lumbar spondylolisthesis with spinal stenosis:
a prospective, randomized study comparing
decompressive laminectomy and arthrodesis
with andwithout spinal instrumentation. Spine.
1997 Dec 15;22(24):2807-12.

83. Kimura I, ShinguH,MurataM,Hashiguchi H.
Lumbar posterolateral fusion alone or with
transpedicular instrumentation in L4—L5
degenerative spondylolisthesis. J Spinal Disord.
2001 Aug;14(4):301-10.

84. Neen D, Noyes D, ShawM, Gwilym S, Fairlie
N, Birch N. Healos and bone marrow aspirate
used for lumbar spine fusion: a case controlled
study comparing Healos with autograft. Spine.
2006 Aug 15;31(18):E636-40.

85. Gan Y, Dai K, Zhang P, Tang T, Zhu Z, Lu J.
The clinical use of enriched bone marrow stem
cells combined with porous beta-tricalcium
phosphate in posterior spinal fusion.
Biomaterials. 2008 Oct;29(29):3973-82. Epub
2008 Jul 18.

86. Sakai D,Mochida J, Yamamoto Y, Nomura T,
OkumaM,NishimuraK,Nakai T, AndoK,Hotta T.
Transplantation of mesenchymal stem cells
embedded in atelocollagen gel to the
intervertebral disc: a potential therapeutic
model for disc degeneration. Biomaterials.
2003 Sep;24(20):3531-41.

87. Henriksson HB, Svanvik T, Jonsson M,
Hagman M, Horn M, Lindahl A, Brisby H.
Transplantation of humanmesenchymal stems
cells into intervertebral discs in a xenogeneic
porcine model. Spine. 2009 Jan 15;34(2):141-8.

88. Cogle CR, Guthrie SM, Sanders RC, AllenWL,
Scott EW, Petersen BE. An overview of stem cell
research and regulatory issues. Mayo Clin Proc.
2003 Aug;78(8):993-1003.

89.Grens K. Judges sidewith FDAon stemcells.
2014 Feb 6. http://www.the-scientist.com/?
articles.view/articleNo/39108/title/Judges-
Side-with-FDA-on-Stem-Cells/. Accessed 2017
Apr 28.

90. Drabiak-Syed K. Challenging the FDA’s
authority to regulate autologous adult stem
cells for therapeutic use: Celltex Therapeutics’
partnership with RNL Bio, substantial medical
risks, and the implications of United States v.
Regenerative Sciences. Health Matrix Clevel.
2013 Fall;23(2):493-535.

91. Hernigou P, Flouzat Lachaniette CH,
Delambre J, Chevallier N, Rouard H.
Regenerative therapy with mesenchymal stem
cells at the site of malignant primary bone
tumour resection: what are the risks of early or
late local recurrence? Int Orthop. 2014 Sep;38
(9):1825-35. Epub 2014 Jun 7.

92. Hernigou P, Homma Y, Flouzat-Lachaniette
CH, Poignard A, Chevallier N, Rouard H. Cancer
risk is not increased in patients treated for
orthopaedic diseases with autologous bone
marrow cell concentrate. J Bone Joint Surg Am.
2013 Dec 18;95(24):2215-21.

A Comp r e h e n s i v e R e v i e w o f S t em -C e l l T h e r a p y |

AUGUST 2017 · VOLUME 5, ISSUE 8 · e15 9

http://www.the-scientist.com/?articles.view/articleNo/39108/title/Judges-Side-with-FDA-on-Stem-Cells/
http://www.the-scientist.com/?articles.view/articleNo/39108/title/Judges-Side-with-FDA-on-Stem-Cells/
http://www.the-scientist.com/?articles.view/articleNo/39108/title/Judges-Side-with-FDA-on-Stem-Cells/

