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FEATURE

T
issue engineering emerged in the early 
1990s as an “interdisciplinary science 
involving life sciences and engineering 
to bring about biological substitutes 

that restore, maintain, or improve tissue func-
tion”, with cartilage, bone and muscle identi-
fi ed as therapeutic targets.1 In recent years, a 
new fi eld of regenerative medicine has been 
developed that aims to replace or regenerate 
“human cells, tissue or organs, to restore or 

establish normal function”2 and it is in this con-
text that cell therapy is an important orthopae-
dic technology. There are many cells that could 
be used in cell therapy but this review concerns 
stem cells, particularly mesenchymal stem cells, 
and their potential use in orthopaedic surgery.

WHAT ARE STEM CELLS?
Stem cells have unique characteristics which 
include the ability to diff erentiate into more 

specialist types of cell. The number of diff erent cell 
types into which a stem cell can diff erentiate var-
ies, and includes all cell types (totipotent), most 
cell types (pluripotent) or a limited number of cell 
types (multipotent). Cells obtained from fertilised 
gametes or from the morula (up to 16-cell stage) 
are totipotent. Embryonic stem cells (ESC), typi-
cally obtained from the inner cell mass of fi ve- to 
six-day-old embryos,3 are pluripotent. Cells with 
similar pluripotent ability can be induced by gene 

A. McCaskie MMus MD FRCS FRCS (T&O)    

Professor of Orthopaedic Surgery and  Honorary Consultant Orthopaedic Surgeon,

Arthritis Research UK Tissue Engineering Centre 

Institute of Cellular Medicine, Newcastle University, UK & The Freeman Hospital, Newcastle upon Tyne Hospitals NHS Foundation Trust, UK

E-mail: Andrew.McCaskie@nuth.nhs.uk

Stem cells and 
orthopaedic surgery

Stem cells are a key component of regenerative medicine strategies. Particular areas of 
musculoskeletal application include cartilage and bone regeneration in arthritis and trauma. 
There are several types of stem cell and this article will focus on the adult derived cells.  The review 
includes current issues and future developments.
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transfer to cells that were not originally ESC; this 
type of cell is termed an induced pluripotent stem 
cell (iPSC). Stem cells are also found in many adult 
tissues, where they are commonly multipotent.4 
They were originally discovered in bone marrow5 
and identifi ed as two main types, haematopoietic 
and mesenchymal stem cells (MSC). Cells from 
the haematopoietic lineage are familiar to haema-
tologists and are vital to bone marrow transplan-
tation. They can also be collected from peripheral 
blood by apheresis when the marrow is medically 
stimulated. This type of cell is known as a periph-
eral blood stem cell (PBSC). This cell type has been 
used in orthopaedic practice6 and is the subject of 
another article in this edition of 360. The second 
cell type, the adult MSC, has also emerged as an 
attractive target for regenerative therapies. They 
are numerous, relatively easy to isolate and are 
not associated with some of the regulatory and 
ethical issues currently associated with ESCs.

WHAT ARE MESENCHYMAL STEM CELLS?
The MSC is a multipotent stem cell that can 
diff erentiate easily into cell lineages relevant to 
orthopaedic surgery, e.g. cartilage, bone, and 
tendon (Fig. 1).7 In addition to bone marrow, 
adult MSCs have been isolated from synovial 
fl uid,8 synovial membrane,9 periosteum,10,11 in-
tervertebral disc end plates,12 adipose tissue 
and articular cartilage.13 In each location, the 
cells are believed to be located in a specialised 
microenvironment referred to as a ‘niche’, 

where the cell is living but may be quiescent. 
When specifi c stimuli are applied, the cells leave 
their respective niches, proliferate and diff eren-
tiate to contribute to repair mechanisms.14 The 
MSC is not easily identifi ed by simply looking 
down a microscope. The International Society 
for Cellular Therapy described minimal criteria15 
for defi ning multipotent mesenchymal stem 
cells in culture. This includes adherence to plas-
tic, an appropriate immunophenotype expres-
sion (CD73+, CD90+, CD105+, CD14- or CD11b-, 
CD19- or CD79α-, CD34-, CD45- and HLA-DR-), 
and the ability to diff erentiate down chondro-
genic, osteoblastic and adipocytic lineages.

STRATEGIES FOR MUSCULOSKELETAL 
REPAIR
Tissue engineering strategies often describe an 
interaction between cells, scaff old and other 
factors (Fig. 2). A scaff old provides a three- 

dimensional environment to allow the patient’s 
or delivered cells to bring about tissue forma-
tion. Factors, such as cell signalling molecules, 
can help drive the appropriate biological path-
ways. Scaff olds do not always require the addi-
tion of cells. Cell therapy strategies seek to use 
the cell as a component of the treatment, and it 
is in this area that the MSC has been identifi ed as 
useful. The cell can be derived from the patient 
(auto logous) and can be minimally biologically 
manipulated before treatment or expanded in 

culture. Cells can also be derived from an alloge-
neic source such as donors. A cell-based strategy 
can be used alone or combined with the scaf-
fold and factors. There are two main concepts 
for achieving synthesis in tissue regeneration 
(Fig. 3). Synthesis outside the body combines 
the cells, scaff olds and  factors in a laboratory 
environment , e.g. a  bioreactor, to create tissue 
such as a piece of cartilage. Synthesis inside the 
body uses cells, scaff olds and factors such that 
the body itself creates the fi nal tissue. In this ap-
proach, one or two of the classical triad may be 
provided by the patient rather than the treat-
ment; ultimately, in the future, introduction of 
either cells alone or a factor to trigger the appro-
priate response from endogenous stem cells may 
be successful. Understanding of the theoretical 
approaches to the problem allows a closer exam-
ination of what treatments have been developed 
for the clinic.

ARTICULAR CARTILAGE REGENERATION
Cartilage repair is an important target for tissue 
engineering and several orthopaedic techniques 
have been developed. Autologous chondrocyte 
implantation (ACI) was described by Brittberg 
et al16 in 1994. The technique involves remov-
ing cartilage and isolating chondrocytes from 
the patient and then expanding the number of 
cells in the laboratory. In a second procedure, 
the increased number of chondrocytes is rein-
troduced into the cartilage lesion, under a peri-
osteal or fabricated fl ap, to bring about repair. 
The technique does produce cartilage and can 
give improved knee function.17,18 Other tech-
niques, such as microfracture, create a commu-
nication between the bone marrow and the joint 
interior to stimulate repair. In a recent systematic 
review, clinical outcomes of ACI were not found 
to be markedly diff erent from microfracture.19 A 
better understanding of cell therapies led to the 
introduction of second generation ACI, where 
autologous chondrocytes are added to a matrix, 
such as hyaluronan or collagen, to simulate a 
three-dimensional culture environment. Mes-
enchymal stem cells may overcome some of 
the limitations of chondrocyte techniques, used 
either as an alternative or in conjunction with 
chondrocytes. A few case studies using MSCs 
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Fig. 1 Schematic diagram showing how multipotent mesenchymal stem cells (MSCs) can diff erentiate 

into musculoskeletal cell lines.
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in place of chondrocytes in humans have been 
reported but comparison between the stud-
ies is diffi  cult due to lack of uniform protocols. 
In 2002,20 culture-expanded adherent MSCs 
seeded below periosteum  in osteoarthritic car-
tilage defects at the time of osteotomy resulted 
in increased arthroscopic and histologic grading 
scores in 12 patients compared with 12 controls, 
but there was no diff erence in the patients’ func-
tion scores.20 In 2007 the same group21 treated 
three patients with auto-transplantation of 
culture-expanded bone marrow-derived mesen-
chymal cells into articular lesions of pateIlofem-
oral joint. Six months later the patients’ symp-
toms had improved. Histology was performed 
in one patient that showed, disappointingly, 
that the repaired cartilage was predominantly 
composed of fi brocartilage. The challenge in 
generating articular cartilage with MSCs, is to 
produce cells with features of stable chondro-
cytes which resist hypertrophy and terminal 
diff erentiation.22 Unstable chondrocytes may 
become hypertrophic resulting in mineralisa-
tion and vascular invasion, similar to the process 
of ectopic ossifi cation. Transplantation of stem 
cells after a short induction period of one week, 
has been suggested to counter hypertrophy and 
terminal diff erentiation.23 Another option is the 
combination of a proportion of chondrocytes 
grown from cartilage in culture, which may help 
drive the MSC to a chondrocytic phenotype. 
Osteoarthritis can clearly involve both bone as 
well as cartilage and multipotent cells may well 
be useful. A recent study6 detailed arthroscopic 
subchondral drilling of knee cartilage defects, 
followed by fi ve weekly intra-articular injections 
of stem cells (PBSC) derived from autologous 

peripheral blood. The authors reported 
arthroscopically-confi rmed articular  
artilage regeneration, containing pro-
teoglycans and collagen II.6

BONE REGENERATION
Bone formation is a key part of many 
non- articular conditions and is driven 
by the osteoblast, which is one of the 
possible MSC diff erentiation lineages. 
Fracture healing requires bone forma-
tion and remodelling to achieve stable 
union, a process that can be delayed 
or absent. It has been reported that 
MSCs from nonunion sites have less 
osteogenic diff erentiation and min-
eralisation capability, at least in vitro, 

compared with bone marrow-derived MSCs.24 
Provision of stem cells with good functional 

capacity could help to resolve this problem. 
Several animal studies report bone regenera-
tion using bone marrow-derived MSC,25 alone, 
in combination with growth factors (BMP-7) or 
after genetic modifi cation.26 However, human 
studies are extremely limited27-29 but this may 
well be a growing area of clinical application.

OTHER APPLICATIONS
Other aspects of MSC biology can be used thera-
peutically. It should be remembered that the MSC 
is not simply a cell that manufactures tissues, but 
is active in infl ammation and immune modula-
tion. Mesenchymal stem cells have been used to 
treat a variety of skeletal pathologies including os-
teogenesis imperfecta (OI), osteoporosis, infantile 
hypophosphatasia and bone metastases. Osteo-
genesis imperfecta is a genetic disorder character-
ised by defective production of type I collagen, 
leading to generalised osteopenia, multiple frac-
tures and short stature. In one study30 six children 
suff ering from OI received two infusions of alloge-
neic gene-marked, marrow-derived mesenchymal 
cells. The group observed nearly 50% accelera-
tion in growth velocity during the fi rst six months 
after the infusion. Besides being able to regener-
ate tissues, one of the attractive qualities of MSCs 
is their apparent ability to modulate and perhaps 
suppress the host’s immune system, which is at 
the root of auto-immune diseases. Laboratory re-
search is showing early signs that may lead to the 
development of new therapies in rheumatoid ar-
thritis31,32 and graft versus host disease.33

THE STEM CELL NICHE
In living organisms, local immune homeo-
stasis in tissues is maintained by the intricate 

interaction of stem cells with other neighbour-
ing cells. Stem cells are surrounded by a com-
plex three-dimensional network and are inter-
connected to a variety of cells which are also 
embedded within their surrounding extracel-
lular matrix. It is now believed that replication 
of such a three-dimensional network surround-
ing stem cells, referred to as a ‘niche’, may be 
relevant to enhancing outcomes in clinical ap-
plications. One strategy in the future will be to 
develop target factors and scaff olds to stimulate 
recruitment and activation of a patient’s own 
MSCs in situ.

SAFETY AND REGULATION
Our understanding of stem cell biology is in-
creasing but is incomplete. The potential for 
regenerative medicine is clear but patient safety 
must be ensured. Regulatory governance con-
trolling cell therapy is an evolving fi eld. In Eu-
rope, it is now governed by the European Medi-
cines Agency, via the Medicines and Healthcare 
products Regulatory Agency in the UK. Cell 
products are subject to the same controls, checks 
and licensing requirements as pharmaceuti-
cally manufactured products. The processing of 
cells (ex-vivo expansion and diff erentiation) in 
particular, must be carefully controlled to avoid 
disease transmission. In terms of diff erentiation, 
one potential problem is unwanted changes to-
wards neoplasia. We found two studies which 
described the safety of using bone marrow-de-
rived MSCs to treat cartilage defects.34,35 The fi rst 
study34 reported that patients treated with MSCs 
had no evidence of tumours or infections in the 
treated joints of 41 patients between fi ve and 137 
months (mean 75) of follow -up. In the second 
study,35 227  patients had been treated using in-
jection of culture-expanded autologous MSCs in 
the joint. Follow-up was by high fi eld MRI track-
ing of the treated defect in 45 patients and gen-
eral surveillance in 227   patients. No neoplastic 
complications were detected at any stem cell re- 
implantation site at a mean of 10.6 months.

FUTURE
There is still much to be learnt about how stem 
cells form and repair tissue. The presence of multi-
potent cells, easily available in the adult, points to 
a potential self-regeneration tool kit in a conveni-
ent location. We need to understand more about 
the diff erent preparations of such cells; minimally 
manipulated, culture-expanded, autologous and 
allogeneic forms. A better understanding not only 
of the cells, but also their niche, is crucially impor-
tant in translating laboratory medicine to proven 

Fig. 2 Diagram showing the key parts of tissue 

regeneration strategy.
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therapy. Local activation of the stem cells in their 
niche may enable orchestration of the restoration 
of healthy articular cartilage, bone or even other 
musculoskeletal tissues. The fi nding that MSCs are 
able to ‘home in’ on the area of injury and mod-
ulate the local immune environment required 
for regeneration and repair of the injured tissue, 
opens avenues for development of non-cellular 
pharmacological therapies.

In addition, any treatment must undergo 
stepwise translation to the clinic. The treatment 
must improve patient care and must be safe, 
well regulated and cost-eff ective. These chal-
lenges are more acute for cell therapy where 
the science and its applications are still relative-
ly new. There is clearly potential in the use of 
MSCs in the clinic, and an integrated approach 
between stakeholders (patients, clinicians, reg-
ulators, healthcare providers and industry) will 
be required to bring this into routine practice.
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Fig. 3 Schematic showing some of the possible ways that cells (e.g. mesenchymal stem cells) could be 

used for tissue regeneration. Cells removed from the patient can be utilised for tissue synthesis back in 

the patient (red) or in the laboratory (purple). Another approach would use scaff olds and factors to work 

with cells in the patient without removal (green). 
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