
Review Articles

Generating Cartilage Repair from Pluripotent Stem Cells
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The treatment of degeneration and injury of articular cartilage has been very challenging for scientists and
surgeons. As an avascular and hypocellular tissue, cartilage has a very limited capacity for self-repair. Chon-
drocytes are the only cell type in cartilage, in which they are surrounded by the extracellular matrix that they
secrete and assemble. Autologous chondrocyte implantation for cartilage defects has achieved good results, but
the limited resources and complexity of the procedure have hindered wider application. Stem cells form an
alternative to chondrocytes as a source of chondrogenic cells due to their ability to proliferate extensively while
retaining the potential for differentiation. Adult stem cells such as mesenchymal stem cells have been differ-
entiated into chondrocytes, but the limitations in their proliferative ability and the heterogeneous cell population
hinder their adoption as a prime alternative source for generating chondrocytes. Human embryonic stem cells
(hESCs) are attractive as candidates for cell replacement therapy because of their unlimited self-renewal and
ability for differentiation into mesodermal derivatives as well as other lineages. In this review, we focus on
current protocols for chondrogenic differentiation of ESCs, in particular the chemically defined culture system
developed in our lab that could potentially be adapted for clinical application.

Introduction

The perfect function of joints depends on the precise
macroscopic and microscopic structure of bone, muscles,

synovium, ligaments, and cartilage. Hyaline cartilage pro-
vides smooth articulation and elastic energy absorption for
the friction-free, painless movement of the joint. Cartilage is a
highly specialized tissue that is avascular, aneural, alym-
phatic, and hypocellular. Only 1%–2% of the total volume is
occupied by the chondrocytes, and the nutrition from syno-
vial fluid is transferred by diffusion through the extracellular
matrix (ECM). Cartilage is avascular, and the ECM is very
dense and impenetrable by cells. Therefore, if the cartilage is
damaged, the mesenchymal stem cells (MSCs), which can
give rise to chondrocytes, are unable to migrate to the site of
injury to regenerate the tissue.

Many surgical procedures have been developed to help
restore damaged articular cartilage, such as arthroscopic la-
vage and debridement,1–4 bone marrow stimulation, includ-
ing abrasion arthroplasty,5–8 drilling, and microfracture.2,9–11

These techniques have some benefits in generating fibro-
cartilage or hyaline-like cartilage, but this can lack the me-
chanical durability needed in load-bearing joints.3,12

Osteoarthritis (OA) is the most prevalent disease that
compromises the function of articular joints and damages
cartilage. OA increases with age and affects 10% of men and
18% of women older than 45. The OA-affected joints are
painful, stiff, and often deformed, and advanced disease

causes severe physical handicap and immobility. Pain relief
provides some symptomatic treatment without any benefit
in delaying progression or reversing the degeneration of the
joint. OA is, thus, a major social and healthcare burden.13

Since cartilage is produced and assembled by chon-
drocytes, the only cell type in cartilage, a feasible way to
regenerate cartilage is to ‘re-grow’ it with a fresh supply of
chondrocytes. This has been achieved by autologous chon-
drocytes implantation (ACI), which has been applied since
1994 with some success and uses the patients’ own chon-
drocytes expanded in culture.14–23 However, the long-term
outcome of ACI is not significantly different from that of
microfracture, with some clinical improvement for both ap-
proaches but little justification for the large additional cost of
ACI.24,25 A particular difficulty is the limited amount of
nondisease-affected cartilage available for obtaining appro-
priate cells, and this is an additional challenge for treating
older patients who might need cartilage repair. Stem cells,
especially adult MSCs, overcome the resource limitation of
primary chondrocytes, as they grow well in culture and they
also have good long-term safety without risk of tumor for-
mation.26 However, adult stem cells have drawbacks, as their
ultimate proliferative capacity is limited and they show
variable potential for differentiation. As an alternative, plu-
ripotent cells (embryonic or induced) are much more
attractive because of their unlimited self-renewal capacity
and ability to differentiate into a wide range of somatic cell
lineages.27,28
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The use of human pluripotent stem cells (PSCs) for carti-
lage repair has been investigated only more recently and
much less than the use of adult stem cells. So far, the size,
homogeneity, and stability of the cartilage formed have been
insufficient for any clinical application. Furthermore, most
reported protocols depend on animal products in the me-
dium with risks of xenobiotic transfer, preventing clinical
translation. This review will focus on recently developed
protocols for generation of chondrogenic cells from human
embryonic stem cells (hESCs) and the potential of induced
pluripotent cells for human cartilage repair.

Development of Human Articular Cartilage

In early embryonic development, limb buds are formed
from paraxial and lateral plate mesoderm emerging from the
posterior region of the primitive streak at gastrulation.29 In
humans, they appear around day 26 for the upper limb and
day 28 for the lower limb. Wnt3a and activin/nodal signal-
ing pathways are involved in both the formation of the
primitive streak and the differentiation of epiblast cells and
hESCs into a proposed bi-potent mesendoderm popula-
tion.30–32 Mesodermal differentiation is controlled by the
bone morphogenetic protein family (BMP; especially BMP4
and BMP2) and fibroblast growth factor (FGF) families.33–36

The paddle-shaped limb bud consists of a mesenchymal core
surrounded by ectoderm on all but its proximal side. The
distal border of the ectoderm expands to form the apical
ectodermal ridge (AER).

Once matured, the AER is maintained as a transient
structure for about 2–3 days, while the mesenchymal skeletal
progenitors continue to proliferate and differentiate forming
a fully patterned limb. Cartilage development in the limb
rudiment starts with the formation of the cartilage anlage, a
condensed population of undifferentiated mesenchymal
cells, which have migrated into the limb field.37 The MSCs
in the condensed population differentiate into chondro-
progenitors. Their fibroblast-like morphology changes to a
spherical cell shape and they begin secreting an ECM that is
enriched with type II collagen and proteoglycans, such as
aggrecan. Chondrogenesis initiates from the central area of
the mesenchymal condensation and then radiates outward.
After becoming surrounded by ECM, chondroblasts lose
cell–cell contact, become chondrocytes, and organize into
zones that form growth plates. The chondrocytes progress
through an ordered process of proliferation, maturation, and
hypertrophy with calcification within the growth plates. A
separate zone of chondrocytes at the ends of rudiments
segregates early in development to form the articular chon-
drocytes, which produce and maintain articular cartilage and
remain as chondrocytes throughout life. The articular carti-
lage ECM is mainly composed of type II collagen and gly-
cosaminoglycans. However, the composition varies spatially
from the superficial to the deep zone, resulting in graded
mechanical properties.38 In the early development of chon-
drocytes, the master transcription factor driving chon-
drogenesis is SOX9, a member of the high-mobility-group
domain transcription factor family.39 SOX9 associates with
SOX5 (L-SOX5) and SOX6,40 to control chondrogenic differ-
entiation, maintain the chondrocyte phenotype, and directly
regulate expression of ECM molecules.41 SOX9 is expressed
in chondroprogenitor cells and throughout the life of chon-

drocytes, but its expression is turned off during growth plate
chondrocyte hypertrophy. It positively regulates the tran-
scription of Col2a1 by binding to the promoter region42,43

with coactivators including Znf219,44 PGC-1a,45 and p300.46–49

RUNX2 is the key transcription factor controlling bone for-
mation and is also involved in the early stages of chon-
drocyte condensation as well as osteoblastic differentiation
of MSCs.50 The expression of these two transcription factors,
SOX9 and RUNX2, directs key stages in the differentiation of
MSCs, and their expression overlaps both temporally and
spatially during embryogenesis. Since chondrogenesis is
initiated, SOX9 induces degradation of RUNX2 by directing
it to the lysosome for breakdown while during osteoblastic
differentiation RUNX2, inhibits the transactivity of SOX9
and blocks chondrogenesis.51

Signaling molecules secreted by the AER and progress
zone modulate chondrogenesis, and are crucial regulators
of skeletal development. These include members of the
transforming growth factor (TGF)-b superfamily, such as
BMPs, growth and differentiation factor-5 and TGF-b1, 2
and 3, Wnt family ligands (WNT3a, 5a and 7a), sonic
hedgehog and Indian hedgehog, and also FGF family
(FGF2,4,8,10 and 18)52,53 members. Retinoic acid (RA),
which is the most active metabolite of vitamin A, pro-
foundly regulates the development of multiple organs, but
is particularly important in skeletal development. RA in-
hibits the transactivity of SOX954 but induces the expression
of RUNX2.55 RA clearly has a dual role in chondrogenesis:
It controls the timing of condensation and chondroblast
differentiation early on, and coordinates the maturation and
replacement by bone at later stages. During long bone de-
velopment in mammals, the original cartilaginous template
is replaced by bone through endochondral bone formation.
This involves growth plate chondrocyte hypertrophy, ma-
trix mineralization, blood vessel invasion, osteoblastic dif-
ferentiation, and calcified cartilage matrix remodeling and
removal. Although articular cartilage forms a thin calcified
layer at its junction with subchondral bone, it is highly re-
sistant to vascular invasion and factors such as endostatin
are involved in the maintenance of its avascularity.56 Other
factors, such as Notch signalling molecules,56 BMP family
growth factors,57 and transcription factor C-1-1,58 also play
roles in regulating the development of articular cartilage.
So, the formation and maintenance of articular cartilage is
controlled by the cooperative activity of a network of sig-
naling mechanisms, which include key transcription factors,
extracellular signaling molecules, and interaction with ECM
(Fig. 1).

PSCs and Their Applications

The pluripotent cells from the inner cell mass of mouse
blastocyst-stage embryos were first established as cell lines in
culture by Martin Evans and Matthew Kaufman in the
United Kingdom59 and Gail Martin in the United States.60

The term ‘ES cell’ was introduced to distinguish these
embryo-derived pluripotent cells from teratocarcinoma-derived
pluripotent embryonal carcinoma (EC) cells.60 In 1998, the
first hESC lines derived and established from human blas-
tocysts were reported.27 In 2006, a further breakthrough oc-
curred, this time in cell reprogramming; induced PSCs
(iPSCs) were generated from mouse embryonic fibroblasts
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(MEFs) by introducing four genes, Oct3/4, Sox2, c-Myc and
Klf4.61 This was quickly followed by reports that human
somatic cells could also be reprogrammed into PSCs using
the same factors62 or by using NANOG and LIN28 instead of
c-MYC and KLF4.63 This process has since been replicated in
similar and related ways by many groups across the world.
The reprogrammed cells (iPSCs) show many of the charac-
teristics of hESCs, as they express OCT4, NANOG, SSEA-4,
TRA-1-60, TRA-181, alkaline phosphatase, and a high level
of telomerase. The beauty of these PSCs is that they share
with ES cells the ability to maintain prolonged undifferenti-
ated proliferation with stable developmental potential to
form derivatives of all three embryonic germ layers, even
after long-term culture. In addition, no embryo is required
for their derivation. Further developments, including gene
transfer without c-Myc, reduces the risk of tumor develop-
ment from iPSCs, which was observed in murine iPS-embryo
chimeras in early studies64 and in recent years, reprogram-
ming has been achieved using nonintegrating vectors,65 thus
avoiding the risk of tumorigenic insertional mutations. There
are still a number of problems to be overcome with iPS cells,
not least the low efficiency of generation and epigenetic
differences (with epigenetic memory of cell of origin) and
possibly acquired mutations.

Pluripotent cells provide extensive self-renewal with the
potential for scale up as well as the plasticity of multilineage
differentiation capability.27,66 The development of iPSCs of-
fers a further advantage for potential clinical application, as
it enables the harvesting of cells from a patient to derive
iPSCs carrying the identical genetic mutations(s) of the pa-
tient. This is likely to facilitate drug development in the near
future, using human differentiated disease models produced
from these cells. Patient iPSCs should also avoid immune
rejection if the cells are used for autologous therapy (after
gene correction).61–63 Murine syngeneic iPSC-derived tera-
tomas were rejected because of carryover of embryonic im-
munogenic antigens,67 so further research is required before
such cells can be considered suitable for therapy although

transplantation of primate iPSC-derived neural progenitors
indicated more promising survival.68

PSC-Based Strategies for Cartilage Repair

Generation of chondrocytes from pluripotent cells
through embryoid bodies

Embryoid bodies (EB) were first described as the cystic
structures formed by teratocarcinoma-derived EC cells. The
three-dimentional (3D) structure of the EB is similar to the
early postimplantation embryo, and the cells in EBs are able
to differentiate into the three germ layers in serum contain-
ing medium.69,70 EBs have been used as a model to study
embryo development and to validate ESCs differentiation.70–79

Since it was thought that key signaling occurs within the 3D
EB, inducing more efficient early differentiation than culture
in two dimensions, EBs have also been used as a starting
point for targeting differentiation to particular cell pheno-
types. Differentiation of mouse ES cells in vitro into chon-
drocytes via EBs was modulated by members of the TGF-b
family (TGF-b1, BMP-2, and BMP-4). The application of TGF-
b1 was found to decrease chondrogenesis slightly, whereas
BMP-2 or 4 induced chondrogenic differentiation. The func-
tion of BMP-2 on chondrogenesis of ES cells was found to
be dependent of the time of application; it induced chon-
drogenic differentiation only when applied during EB
development from day 2 to 5.80 Chondrocytes, isolated from
spontaneously differentiated EBs, initially appeared to de-
differentiate in culture but later re-expressed the character-
istics of mature chondrocytes. Surprisingly, TGF-b3, which is
able to promote chondrogenic differentiation in cultures of
human MSCs,81 completely blocked the process of re-differ-
entiation. It has also been shown that chondrocytes isolated
from murine EBs retain some plasticity at this stage and can
transdifferentiate into other mesenchymal lineages, such as
osteogenic and adipogenic cells.82 Cartilage tissue can be
formed from cells in murine EBs by application of growth
factors (TGF-b3 and platelet-derived growth factor-BB
[PDGF-BB]) direct, or to cultures of the disrupted EBs as a
micromass or pelleted cell mass, mimicking formats used for
MSC-derived chondrogenesis and cartilage formation.83–85

Human dissociated EBs have been differentiated into chon-
drocytes in a monolayer culture by application of 1 ng/mL
TGF-b1, 5 ng/mL FGF2, and 10 ng/mL PDGF-BB, while the
best combination for the pellet culture was determined to be
100 ng/mL BMP7 and 10 ng/mL TGF-b1.86 These hESC-
derived chondrocytes have been shown to form a hyaline-
like neocartilage layer when implanted in a hyaluronic acid
(HA) hydrogel in a rat osteochondral defect.86–88 Indeed
iPSC-derived EBs have also recently been generated from
osteoarthritic patients and differentiated toward the chon-
drogenic lineage although the differentiated cells were not
sufficiently characterized to be confident of outcome.89

Generation of chondrocytes from ESCs by co-culture
or conditioned culture

Another strategy used to direct differentiation to different
lineages is the co-culture of embryonic and other stem/
progenitor cells with fully differentiated chondrocytes. Some
success in the chondrogenic differentiation of hESCs was
achieved by indirect co-culture with mature chondrocytes

FIG. 1. Schematic diagram indicating some of the key fac-
tors that play roles in the differentiation of mammalian
pluripotent epiblast cells progressively though a sequence of
stages to generate chondrocytes.
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using inserts carrying a porous membrane, which allowed
the diffusion of signaling molecule produced by the chon-
drocytes to hESCs. The hESC-derived chondrocytes were
shown to produce a cartilaginous ECM.90 In another study,
Flk-1-positive predifferentiated cells from murine EBs co-
cultured with porcine articular chondrocytes, formed carti-
lage tissue in nude mice 4 weeks after implantation.91 The
Transwell� system, used to generate 3D cartilage-like matrix
in vitro from MSCs,92 has also been adapted to co-culture
hESCs with chondrocytes. This method does not generate
EBs as intermediates, but drives the chondrogenic differen-
tiation of hESCs, which were able to form cartilage tissue
both in vitro and in vivo.93 However, the culture system is
complicated and efficiency is low.

Generation of chondrocytes from ESC-
or iPSC-derived mesenchymal cells

Human MSCs isolated from adult bone marrow have the
potential to differentiate into mesodermal tissue lineages,
including bone, cartilage, fat, tendon, muscle, and marrow
stroma and may have some other lineage potential.94 How-
ever, there are limitations with the use of MSCs for appli-
cations requiring a large number of cells. Expansion changes
the phenotype of MSCs and can result in spontaneous
transformation.95 In addition, MSC numbers, proliferative
ability, and differentiation capacity decline with age.94,96 To
overcome these difficulties, it is possible to use pluripotent
ESCs to derive MSCs for possible applications in tissue en-
gineering and cell therapy. HESCs have been differentiated
to MSCs using the ‘Raclure method’, which mainly em-
ployed the cells at the edges of the hESC colonies for dif-
ferentiation.97 Indeed, clinically compliant MSCs have been
derived from CD105 + , CD24 - differentiated cells isolated
from hESCs. These cells share a similar phenotype to bone
marrow (BM)-MSCs and can differentiate into cartilage,
bone, and fat. Compared with the BM-MSCs, these hESC-
MSCs have a substantial proliferative capacity in vitro and
were reported to be able to undergo at least 35 population
doublings while maintaining a normal diploid karyotype
with a stable gene expression and surface antigen profile.98

hESC-MSCs were also obtained by culturing the hESCs in
MSC-medium (Dulbecco’s-modified Eagle’s medium sup-
plemented with 10% fetal bovine serum, 2 mM l-glutamine,
100 units/mL of penicillin, and100 g/mL of streptomycin).
These cells differentiated into chondrocytes in vitro by cul-
ture in conditioned medium from chondrocytes and showed
some potential in forming articular cartilage after trans-
plantation in vivo.99 Moreover, fibroblastic/MSC-like cells
derived from hESCs have been shown to give hard tissue in
pellet culture after application of TGF-b1/BMP family
growth factors.100 However, these methods are not chemi-
cally defined, as serum forms a component of the culture
media that hampers the potential for clinical application.
Mesenchymal progenitor cells have also been derived from
hESCs through a mesodermal–epithelial transition by ap-
plying endothelial growth media 2 microvascular (EGM2-
MV), causing them to form epithelial cell sheets. These cells
were then passaged several times to facilitate epithelial–
mesenchymal transition, generating MSCs that were shown
to differentiate into osteogenic and chondrogenic (but not
adipogenic) lineages.101 A separate approach has been to

take hESCs off feeder cells directly into micromass culture
with chondrogenic medium containing BMP-2,102 exploiting
a standard system used for chondrogenic differentiation
from embryonic limb bud MSCs.103 Indeed, a recent study
showed that murine iPSCs subjected to micromass culture
and then selection were able to execute good hyaline carti-
lage-like tissue in vitro in agarose gels.104

Feeder/serum free culture of ESCs and generation
of chondrocytes

The standard form of culture and expansion of hESCs has
relied on the use of irradiated/proliferation-deficient mouse
feeder layers of fibroblast origin.27 However, since this
method exposes cells to xeno-antigens from the feeder cells
and animal cell products, this precludes its use for any
clinical application (Fig. 2).105 Furthermore, the conditions
are undefined and suffer from batch-to-batch variation of
serum. The use of feeder cells has been avoided by culturing
hESCs on Matrigel (rodent basement membrane tumour
extract) or on, for example, laminin, in medium conditioned
by MEFs. Under these conditions, hESCs maintained plur-
ipotency in vitro and were still able to form teratomas in
severe combined immunodeficiency mice.106 A number of
other groups have also developed methods for feeder-free
hESC culture incorporating different substrates and avoiding
animal serum or conditioned medium.107–110 More recently,
Chen et al. have reported a simplified minimal component
defined medium for PSC culture.111 In addition, a serum-free
hESC culture system was developed by Baxter et al. using
FGF2, activin A, and neurotrophin 4 with fibronectin as
culture substrate.112 Culturing hESCs under these conditions
without either animal feeder cells or products will promote
the clinical application of hESC- based cell therapies.

As a step toward this end, feeder-free cultured hESCs, but
maintained in MEF-conditioned medium, have been shown
to generate chondrocytes by co-culture with primary

FIG. 2. The different pathways that have been exploited to
differentiate human embryonic stem cells (hESCs) toward
chondrocytes.
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chondrocytes using the Transwell� system.93 However, this
still relied on animal serum in the MEF-conditioned medium.
To facilitate clinical application, a defined hESC differentia-
tion protocol for generation of chondrocytes was developed
in our lab.113 This protocol is based on the sequential sig-
naling pathways active in embryonic development and
outlined earlier in this review. The sequential changes in
growth factors drive the differentiation of hESCs through
primitive streak-mesendoderm and mesoderm intermediates
to a chondrogenic phenotype (Fig. 3). The protocol exploits
the feeder-free, serum-free, chemically defined hESC culture
medium previously developed112 and utilizes matrix-coated
substrates. In addition to the advantage of feeder-free and
serum-free culture, this short, 14 day protocol, gives an 8.5-
fold expansion of the cell population as they differentiate to
SOX9-positive chondrogenic cells. Importantly we obtained
between 75% and 97% SOX9-positive cells with four different
hESC cell lines (three out of four lines gave 95%–97%), sug-
gesting a much higher efficiency than in most hESC chon-
drogenic differentiation protocols (Table 1). Indeed, the
protocol has now been applied to human iPSCs with a
similar level of success, giving 96%–97% SOX9-positive cells

with the two iPSC lines tested (Cheng et al. unpublished),
and the induced cells showed high expression of collagen II
as well as the chondroitin sulphate proteoglycan, aggrecan.
This suggests that the heterogenity of pluripotent cell chon-
drogenesis in our protocol is much less than suggested for
MSCs.114 However, we observed some cell death at the
transition period from ESCs to mesendoderm in our proto-
col, which indicates that some ESCs could not respond to the
growth factor milieu and thus enter a death pathway. This
confirms that there is a degree of heterogenity in cultured
hESCs as described for Nanog115 and some signaling path-
ways, such as BMP, Nodal, and FGF.116 Importantly, there
was no evidence of pluripotent cells remaining at the end of
the protocol. These promising results suggest that the pro-
tocol efficiently drives human chondrogenesis and could
provide a suitable method for generating chondrocytes of the
required standard for clinical application. We have tested the
ability of the generated cells to form cartilage in vivo using an
osteochondral defect model in nude rats. We have found that
these cells can form hyaline cartilage, identified at 4 weeks
and further developed by 13 weeks after implantation of the
cells, without evidence of any aberrant tissue formation.

FIG. 3. Schematic showing a break-
down of the defined protocol from
our lab for directed differentiation of
hESC to chondrogenic cells in three
stages (modified from Oldershaw
et al.113).

Table 1. Overview of the Features of Current Methods for Generating Chondrocytes from hESCs,
Highlighting Advantages and Disadvantages of the Different Strategies

Method Advantages Disadvantages

Embryoid body Easy culture, mimics natural process Low efficiency, heterogeneous,
typically uses Xeno-reagents,

Co-culture/Conditioned
medium culture

Helps target differentiation,
uses less growth factors

Low efficiency, complicated culture
system, depends on primary cells

ESC-MSC Higher expansion capacity
than adult MSC

Long process, batch variation,
heterogeneous cell population

Directed
differentiation

Single step Easy culture Massive cell death, high heterogeneity,
typically uses Xeno-reagents

Multiple steps Mimic natural process, easy
characterization, high homogeneity

Complicated culture, more
growth factors required, not
chemically defined

Multiple steps/
Chemically defined

Mimics natural process, high yield,
high homogeneity, results in cell
expansion, easy characterization,
reproducible, scalable GMP compatible

Complicated culture, more
growth factors required

ESC, embryonic stem cell; MSC, mesenchymal stem cell; GMP, good manufacturing practice.
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Interestingly, a large-scale production of murine ESC-
derived chondrocytes on microcarriers in serum-free me-
dium has recently been reported.117 This may be suitable for
use in combination with our method to allow a rapid scale
up the hESC-chondrocytes for clinical applications.

Tissue engineering using chondrocytes derived
from pluripotent cells

Scaffolds or gel carriers play an important part in en-
hancing repair of cartilage by providing support for either
endogenous cell-based repair or repair driven by implanted
cells. Such scaffolds may also directly induce cell differenti-
ation or maturation and facilitate cell survival in the dam-
aged or diseased tissue. Obviously, rigid scaffolds such as
those made from poly glycolytic acid, poly vinylalcohol, poly
caprolactone (PCA), or poly lactic acid (PLA) provide more
support under load, which may be particularly important
after initial surgery, but may interfere with the properties of
the maturing chondrocytes and hyaline cartilage if they do
not show appropriate breakdown kinetics in the body and
require more invasive surgical implantation. Poly(lactic-co-
glycolic acid) and PLA scaffold has been used to support
ESCs for differentiation to chondrocytes to make cartilage
in vitro.118 EB-derived hESCs seeded onto polycaprolactone
scaffolds did not yield a high density of chondrogenic
cells,119 while hiPSCs from OA patient-derived synovial cells
have been shown to form cartilage in a 3D PCA scaffold.120

An alternative is to use natural or synthetic hydrogels in
which the cells can be homogenously distributed before gel
polymerisation and that are highly permeable though lack-
ing in the strength under load of rigid scaffolds. While early
studies embedding EB-derived chondrogenic cell in agarose
showed poor viability,121 a recent study showed that murine
iPSC-derived and selected chondrogenic cells subjected to
micromass culture and embedded in agarose were able to
produce good hyaline cartilage-like tissue in vitro.104 En-
capsulation of EBs in a polyethylene glycol (PEG)-based
hydrogel leads to cartilagenous tissue in vitro after TGF b1
treatment,122 while derivitization of PEG diacrylate-
hydrogels with peptides containing the integrin binding,
arginine-glycine-aspartic acid fragment gave better cell ad-
hesion for hESC-EB derived MSCs and those co-cultured
with chondrogenic cells.123,124 The former cells embedded in
a PEG diacrylate scaffold produced cartilagenous matrix
in vitro and after subcutaneous implantation in nude mice.
Cells within derivatized PEG diacrylate were significantly
better than those in non-derivatized PEG diacrylate with
regard to the quality of cartilage matrix produced.93 Carti-
lage tissue engineering using chondrocytes derived from
ESCs has also been achieved by implanting chondrocytes
encapsulated in a HA-based hydrogel86 into surgically in-
duced cartilage defects in rats. This latter study showed
characteristic remodeling, leading to good infilling of hyaline-
like tissue containing collagen II and chondroitin sulfate-based
ECM with negligible collagen I or X except in the subchondral
layer (where extensive new bone formation was obvious) by
12 weeks. Importantly, repair was significantly better when
hydrogels containing cells were used rather than gels alone. A
chemically crosslinked dextran-poly(ethylene glycol) hydrogel
has also been used for cartilage tissue engineering with an
optimal degradation time.125 hESC-MSC-seeded bilayer col-

lagen scaffolds also showed the ability to generate cartilage in
the patella groove defect area of rats.126 Chondrogenesis from
hESCs in perfusion bioreactors using porous silk scaffolds127

and on nanoscale electrospun fibres has also been reported.128

In general, none of these approaches has yielded flawless re-
pair from hESC-derived chondrocytes and further research is
needed, but the hydrogel studies, in particular, produce some
quality hyaline, rather than fibrous cartilage in vivo, suggest-
ing a way forward to clinical application.

Conclusions and Prospects

The temporal sequence of culture conditions has now been
developed to induce hESCs to generate a relatively pure
chondrogenic population without off-target differentiation,
or any residual pluripotent hESCs. This is in a chemically
defined format, suitable for larger-scale production for clin-
ical applications. However, whether these cells can form
functional hyaline articular cartilage with the necessary
biomechanical properties, especially for long-term function,
is still unknown. The immunological barriers are also an is-
sue for ESC-based cell replacement therapy: novel regimes to
prolong acceptance of ESC-derived tissues with minimal use
of immunosuppressive drugs will speed up the translation of
research to clinic. It is also as yet unclear what degree of
tissue matching is needed for the use of allogeneic hESC
derived chondroprogenitors in joint repair for human pa-
tients. Whether immunomodulation in parallel with hESc-
derived chondroprogenitors will be advantageous to en-
hance the success of repair is another question that remains
to be answered. By damping the endogenous inflammation
at the osteoarthritic joint, we would envisage greater success
in establishing repair cartilage in damaged joints.129

Exploitation of human iPSCs will provide a further source
of pluripotent cells that could be derived from patients’ cells
and raises the prospect of autologous treatment. Obviously,
patient-specific iPSC-derived cell therapy should avoid im-
munorejection after transplantation. Thus, more research is
needed on iPSCs technology so that it can be proved safe for
therapy. However, the iPSC route to chondrocytes also
opens the way to studying chondrocytes of defined genetic
background and understanding how some genetic risks af-
fect chondrocyte performance in different chondrogenic
models in vitro. Recent studies showed that by over-
expressing c-myc, klf4, and sox9, mouse dermal fibroblasts
could be induced to give rise to chondrocytes that made
hyaline cartilaginous tissue in vivo.130 Although the cells
produced so far showed karyotypic instability during cul-
ture, further optimization to overcome this problem may
result in an alternative cell resource for cartilage engineering.
Another concern for clinical application of ESCs-derived
differentiated cells is retention of a small number of undif-
ferentiated pluripotent cells that might give rise to teratomas.
Interestingly, a compound, PluriSlns, which interferes with
oleic acid biosynthesis, has been identified to selectively
eliminated hPSCs while sparing a large range of progenitors
and differentiated cells. Application of this compound dur-
ing tissue repair would be predicted to increase the safety of
PSC-based therapies.131 It is very challenging to regenerate
articular cartilage to a state that is functional and structurally
able to withstand full joint movement and biomechanical
loading. Expertise from biology, biomaterials, and the clinic
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are needed to devise ways to create precartilage tissue ex-vivo
for implantation, or to deliver chondrogenic cells to form
cartilage in vivo. The supply of chondrogenic cells is now
robustly established, which opens up many possible routes
for understanding cartilage defects, for drug development,
and for regenerating cartilage using cell-based treatments.

Acknowledgments

The authors acknowledge funding for their work from the
North West Science Fund UK, the NHS-BRC Manchester,
and Arthritic Research UK and Chloe Duval for copy editing.

Disclosure Statement

No competing financial interests exist.

References

1. Lutzner, J., Kasten, P., Gunther, K.P., and Kirschner, S.
Surgical options for patients with osteoarthritis of the knee.
Nat Rev Rheumatol 5, 309, 2009.

2. Hunt, S.A., Jazrawi, L.M., and Sherman, O.H. Arthroscopic
management of osteoarthritis of the knee. J Am Acad Or-
thop Surg 10, 356, 2002.

3. Gilbert, J.E. Current treatment options for the restoration of
articular cartilage. Am J Knee Surg 11, 42, 1998.

4. Gibson, J.N., White, M.D., Chapman, V.M., and Strachan,
R.K. Arthroscopic lavage and debridement for osteoar-
thritis of the knee. J Bone Joint Surg Br 74, 534, 1992.

5. Akizuki, S., Yasukawa, Y., and Takizawa, T. Does arthro-
scopic abrasion arthroplasty promote cartilage regeneration
in osteoarthritic knees with eburnation? a prospective
study of high tibial osteotomy with abrasion arthroplasty
versus high tibial osteotomy alone. Arthroscopy 13, 9, 1997.

6. Bert, J.M. Role of abrasion arthroplasty and debridement in
the management of osteoarthritis of the knee. Rheum Dis
Clin North Am 19, 725, 1993.

7. Singh, S., Lee, C.C., and Tay, B.K. Results of arthroscopic
abrasion arthroplasty in osteoarthritis of the knee joint.
Singapore Med J 32, 34, 1991.

8. Friedman, M.J., Berasi, C.C., Fox, J.M., Del Pizzo, W.,
Snyder, S.J., and Ferkel, R.D. Preliminary results with
abrasion arthroplasty in the osteoarthritic knee. Clin Or-
thop Relat Res 200, 1984.

9. Yen, Y.M., Cascio, B., O’Brien, L., Stalzer, S., Millett, P.J.,
and Steadman, J.R. Treatment of osteoarthritis of the knee
with microfracture and rehabilitation. Med Sci Sports Exerc
40, 200, 2008.

10. George, M.S. Arthroscopic management of shoulder oste-
oarthritis. Open Orthop J 2, 23, 2008.

11. Steadman, J.R., Ramappa, A.J., Maxwell, R.B., and Briggs,
K.K. An arthroscopic treatment regimen for osteoarthritis
of the knee. Arthroscopy 23, 948, 2007.

12. Nutton, R.W. Is arthroscopic surgery a beneficial treatment
for knee osteoarthritis? Nat Clin Pract Rheumatol 5, 122, 2009.

13. Goldring, M.B., and Goldring, S.R. Osteoarthritis. J Cell
Physiol 213, 626, 2007.

14. Gillogly, S.D., Voight, M., and Blackburn, T. Treatment of
articular cartilage defects of the knee with autologous
chondrocyte implantation. J Orthop Sports Phys Ther 28,

241, 1998.
15. Roberts, S., Hollander, A.P., Caterson, B., Menage, J., and

Richardson, J.B. Matrix turnover in human cartilage repair
tissue in autologous chondrocyte implantation. Arthritis
Rheum 44, 2586, 2001.

16. Roberts, S., et al. Autologous chondrocyte implantation for
cartilage repair: monitoring its success by magnetic resonance
imaging and histology. Arthritis Res Ther 5, R60, 2003.

17. Clar, C., et al. Clinical and cost-effectiveness of autologous
chondrocyte implantation for cartilage defects in knee
joints: systematic review and economic evaluation. Health
Technol Assess 9, iii, 2005.

18. Loken, S., Ludvigsen, T.C., Hoysveen, T., Holm, I., En-
gebretsen, L., and Reinholt, F.P. Autologous chondrocyte
implantation to repair knee cartilage injury: ultrastructural
evaluation at 2 years and long-term follow-up including
muscle strength measurements. Knee Surg Sports Trau-
matol Arthrosc 17, 1278, 2009.

19. Schindler, O.S. Cartilage repair using autologous chon-
drocyte implantation techniques. J Perioper Pract 19, 60, 2009.

20. Erggelet, C., et al. Autologous chondrocyte implantation
versus aci using 3d-bioresorbable graft for the treatment of
large full-thickness cartilage lesions of the knee. Arch Or-
thop Trauma Surg 130, 957, 2010.

21. Hirschmuller, A., Baur, H., Braun, S., Kreuz, P.C., Sud-
kamp, N.P., and Niemeyer, P. Rehabilitation after autolo-
gous chondrocyte implantation for isolated cartilage
defects of the knee. Am J Sports Med 39, 2686, 2011.

22. Ossendorf, C., et al. Autologous chondrocyte implantation
(aci) for the treatment of large and complex cartilage lesions
of the knee. Sports Med Arthrosc Rehabil Ther Technol 3,

11, 2011.
23. Brittberg, M., Lindahl, A., Nilsson, A., Ohlsson, C., Isaks-

son, O., and Peterson, L. Treatment of deep cartilage defects
in the knee with autologous chondrocyte transplantation.
N Engl J Med 331, 889, 1994.

24. Knutsen, G., et al. A randomized trial comparing autolo-
gous chondrocyte implantation with microfracture. Find-
ings at five years. J Bone Joint Surg Am 89, 2105, 2007.

25. Knutsen, G., et al. Autologous chondrocyte implantation
compared with microfracture in the knee. A randomized
trial. J Bone Joint Surg Am 86-A, 455, 2004.

26. Wakitani, S., et al. Safety of autologous bone marrow-de-
rived mesenchymal stem cell transplantation for cartilage
repair in 41 patients with 45 joints followed for up to 11
years and 5 months. J Tissue Eng Regen Med 5, 146, 2011.

27. Thomson, J.A., et al. Embryonic stem cell lines derived from
human blastocysts. Science 282, 1145, 1998.

28. Reubinoff, B.E., Pera, M.F., Fong, C.Y., Trounson, A., and
Bongso, A. Embryonic stem cell lines from human blasto-
cysts: somatic differentiation in vitro. Nat Biotechnol 18,

399, 2000.
29. Winslow, B.B., Takimoto-Kimura, R., and Burke, A.C.

Global patterning of the vertebrate mesoderm. Dev Dyn
236, 2371, 2007.

30. Gadue, P., Huber, T.L., Paddison, P.J., and Keller, G.M.
Wnt and tgf-beta signaling are required for the induction of
an in vitro model of primitive streak formation using em-
bryonic stem cells. Proc Natl Acad Sci U S A 103, 16806,
2006.

31. Sumi, T., Tsuneyoshi, N., Nakatsuji, N., and Suemori, H.
Defining early lineage specification of human embryonic
stem cells by the orchestrated balance of canonical wnt/
beta-catenin, activin/nodal and bmp signaling. Develop-
ment 135, 2969, 2008.

32. Tada, S., et al. Characterization of mesendoderm: a di-
verging point of the definitive endoderm and mesoderm in
embryonic stem cell differentiation culture. Development
132, 4363, 2005.

CARTILAGE FROM PLURIPOTENT STEM CELLS 263



33. Ema, M., Takahashi, S., and Rossant, J. Deletion of the se-
lection cassette, but not cis-acting elements, in targeted
flk1-lacz allele reveals flk1 expression in multipotent me-
sodermal progenitors. Blood 107, 111, 2006.

34. Era, T., Izumi, N., Hayashi, M., Tada, S., and Nishikawa, S.
Multiple mesoderm subsets give rise to endothelial cells,
whereas hematopoietic cells are differentiated only from a
restricted subset in embryonic stem cell differentiation
culture. Stem Cells 26, 401, 2008.

35. Faloon, P., et al. Basic fibroblast growth factor positively
regulates hematopoietic development. Development 127,

1931, 2000.
36. Zhang, P., et al. Short-term bmp-4 treatment initiates me-

soderm induction in human embryonic stem cells. Blood
111, 1933, 2008.

37. Guha, U., Gomes, W.A., Kobayashi, T., Pestell, R.G., and
Kessler, J.A. In vivo evidence that bmp signaling is neces-
sary for apoptosis in the mouse limb. Dev Biol 249, 108,
2002.

38. Nguyen, L.H., Kudva, A.K., Saxena, N.S., and Roy, K.
Engineering articular cartilage with spatially-varying ma-
trix composition and mechanical properties from a single
stem cell population using a multi-layered hydrogel. Bio-
materials 32, 6946, 2011.

39. Akiyama, H., Chaboissier, M.C., Martin, J.F., Schedl, A.,
and de Crombrugghe, B. The transcription factor sox9 has
essential roles in successive steps of the chondrocyte dif-
ferentiation pathway and is required for expression of sox5
and sox6. Genes Dev 16, 2813, 2002.

40. Lefebvre, V., Behringer, R.R., and de Crombrugghe, B. L-
sox5, sox6 and sox9 control essential steps of the chon-
drocyte differentiation pathway. Osteoarthritis Cartilage 9

Suppl A, S69, 2001.
41. Lefebvre, V., Huang, W., Harley, V.R., Goodfellow, P.N.,

and de Crombrugghe, B. Sox9 is a potent activator of the
chondrocyte-specific enhancer of the pro alpha1(ii) collagen
gene. Mol Cell Biol 17, 2336, 1997.

42. Bell, D.M., et al. Sox9 directly regulates the type-ii collagen
gene. Nat Genet 16, 174, 1997.

43. Zhou, G., Lefebvre, V., Zhang, Z., Eberspaecher, H., and de
Crombrugghe, B. Three high mobility group-like sequences
within a 48-base pair enhancer of the col2a1 gene are re-
quired for cartilage-specific expression in vivo. J Biol Chem
273, 14989, 1998.

44. Takigawa, Y., et al. The transcription factor znf219 regulates
chondrocyte differentiation by assembling a transcription
factory with sox9. J Cell Sci 123, 3780, 2010.

45. Kawakami, Y., et al. Transcriptional coactivator pgc-1 alpha
regulates chondrogenesis via association with sox9. Proc
Natl Acad Sci U S A 102, 2414, 2005.

46. Tsuda, M., Takahashi, S., Takahashi, Y., and Asahara, H.
Transcriptional co-activators creb-binding protein and p300
regulate chondrocyte-specific gene expression via associa-
tion with sox9. J Biol Chem 278, 27224, 2003.

47. Kawakami, Y., et al. Transcriptional coactivator pgc-1alpha
regulates chondrogenesis via association with sox9. Proc
Natl Acad Sci U S A 102, 2414, 2005.

48. Furumatsu, T., et al. Sox9 and p300 cooperatively regulate
chromatin-mediated transcription. J Biol Chem 280, 35203,
2005.

49. Furumatsu, T., Tsuda, M., Taniguchi, N., Tajima, Y., and
Asahara, H. Smad3 induces chondrogenesis through the
activation of sox9 via creb-binding protein/p300 recruit-
ment. J Biol Chem 280, 8343, 2005.

50. Ducy, P., Zhang, R., Geoffroy, V., Ridall, A.L., and Kar-
senty, G. Osf2/cbfa1: a transcriptional activator of osteo-
blast differentiation. Cell 89, 747, 1997.

51. Cheng, A., and Genever, P.G. Sox9 determines runx2
transactivity by directing intracellular degradation. J Bone
Miner Res 25, 2680, 2010.

52. Niswander, L. Pattern formation: old models out on a limb.
Nat Rev Genet 4, 133, 2003.

53. Niswander, L. Interplay between the molecular signals that
control vertebrate limb development. Int J Dev Biol 46, 877,
2002.

54. Weston, A.D., Rosen, V., Chandraratna, R.A., and Under-
hill, T.M. Regulation of skeletal progenitor differentiation
by the bmp and retinoid signaling pathways. J Cell Biol
148, 679, 2000.

55. Jimenez, M.J., et al. A regulatory cascade involving retinoic
acid, cbfa1, and matrix metalloproteinases is coupled to the
development of a process of perichondrial invasion and
osteogenic differentiation during bone formation. J Cell Biol
155, 1333, 2001.

56. Hayes, A.J., Dowthwaite, G.P., Webster, S.V., and Archer,
C.W. The distribution of notch receptors and their ligands
during articular cartilage development. J Anat 202, 495, 2003.

57. Oshin, A.O., and Stewart, M.C. The role of bone morpho-
genetic proteins in articular cartilage development, ho-
meostasis and repair. Vet Comp Orthop Traumatol 20, 151,
2007.

58. Iwamoto, M., Koyama, E., Enomoto-Iwamoto, M., and
Pacifici, M. The balancing act of transcription factors c-1-1
and runx2 in articular cartilage development. Biochem
Biophys Res Commun 328, 777, 2005.

59. Evans, M.J., and Kaufman, M.H. Establishment in culture
of pluripotential cells from mouse embryos. Nature 292,

154, 1981.
60. Martin, G.R. Isolation of a pluripotent cell line from early

mouse embryos cultured in medium conditioned by te-
ratocarcinoma stem cells. Proc Natl Acad Sci U S A 78,

7634, 1981.
61. Takahashi, K., and Yamanaka, S. Induction of pluripotent

stem cells from mouse embryonic and adult fibroblast
cultures by defined factors. Cell 126, 663, 2006.

62. Takahashi, K., et al. Induction of pluripotent stem cells from
adult human fibroblasts by defined factors. Cell 131, 861,
2007.

63. Yu, J., et al. Induced pluripotent stem cell lines derived from
human somatic cells. Science 318, 1917, 2007.

64. Okita, K., Ichisaka, T., and Yamanaka, S. Generation of
germline-competent induced pluripotent stem cells. Nature
448, 313, 2007.

65. Chou, B.K., et al. Efficient human ips cell derivation by a non-
integrating plasmid from blood cells with unique epigenetic
and gene expression signatures. Cell Res 21, 518, 2011.

66. Lerou, P.H., and Daley, G.Q. Therapeutic potential of em-
bryonic stem cells. Blood Rev 19, 321, 2005.

67. Zhao, T., Zhang, Z.N., Rong, Z., and Xu, Y. Im-
munogenicity of induced pluripotent stem cells. Nature
474, 212, 2011.

68. Emborg, M.E., et al. Induced pluripotent stem cell-derived
neural cells survive and mature in the nonhuman primate
brain. Cell Rep 3, 646, 2013.

69. Rosenthal, M.D., Wishnow, R.M., and Sato, G.H. In vitro
growth and differetiation of clonal populations of multi-
potential mouse clls derived from a transplantable testicu-
lar teratocarcinoma. J Natl Cancer Inst 44, 1001, 1970.

264 CHENG ET AL.



70. Carpenedo, R.L., Seaman, S.A., and McDevitt, T.C. Micro-
sphere size effects on embryoid body incorporation and
embryonic stem cell differentiation. J Biomed Mater Res
Part A 94A, 466, 2010.

71. Doetschman, T.C., Eistetter, H., Katz, M., Schmidt, W., and
Kemler, R. The in vitro development of blastocyst-derived
embryonic stem cell lines: formation of visceral yolk sac, blood
islands and myocardium. J Embryol Exp Morphol 87, 27, 1985.

72. Chinzei, R., et al. Embryoid-body cells derived from a
mouse embryonic stem cell line show differentiation into
functional hepatocytes. Hepatology 36, 22, 2002.

73. Dang, S.M., Kyba, M., Perlingeiro, R., Daley, G.Q., and
Zandstra, P.W. Efficiency of embryoid body formation and
hematopoietic development from embryonic stem cells in
different culture systems. Biotechnol Bioeng 78, 442, 2002.

74. Kurosawa, H., Imamura, T., Koike, M., Sasaki, K., and Amano,
Y. A simple method for forming embryoid body from mouse
embryonic stem cells. J Biosci Bioeng 96, 409, 2003.

75. Choi, D., et al. In vitro differentiation of mouse embryonic
stem cells: enrichment of endodermal cells in the embryoid
body. Stem Cells 23, 817, 2005.

76. Ensenat-Waser, R., et al. Isolation and characterization of
residual undifferentiated mouse embryonic stem cells from
embryoid body cultures by fluorescence tracking. In Vitro
Cell Dev Biol Anim 42, 115, 2006.

77. Mohr, J.C., et al. The microwell control of embryoid body
size in order to regulate cardiac differentiation of human
embryonic stem cells. Biomaterials 31, 1885, 2010.

78. Fathi, A., et al. Comparative proteome and transcriptome
analyses of embryonic stem cells during embryoid body-
based differentiation. Proteomics 9, 4859, 2009.

79. Burridge, P.W., et al. Improved human embryonic stem cell
embryoid body homogeneity and cardiomyocyte differen-
tiation from a novel v-96 plate aggregation system high-
lights interline variability. Stem Cells 25, 929, 2007.

80. Kramer, J., Hegert, C., Guan, K., Wobus, A.M., Muller, P.K.,
and Rohwedel, J. Embryonic stem cell-derived chondro-
genic differentiation in vitro: activation by bmp-2 and bmp-
4. Mech Dev 92, 193, 2000.

81. Mackay, A.M., Beck, S.C., Murphy, J.M., Barry, F.P., Chi-
chester, C.O., and Pittenger, M.F. Chondrogenic differen-
tiation of cultured human mesenchymal stem cells from
marrow. Tissue Eng 4, 415, 1998.

82. Hegert, C., et al. Differentiation plasticity of chondrocytes
derived from mouse embryonic stem cells. J Cell Sci 115,

4617, 2002.
83. Tanaka, H., Murphy, C.L., Murphy, C., Kimura, M., Kawai,

S., and Polak, J.M. Chondrogenic differentiation of murine
embryonic stem cells: effects of culture conditions and
dexamethasone. J Cell Biochem 93, 454, 2004.

84. Nakayama, N., Duryea, D., Manoukian, R., Chow, G., and
Han, C.Y. Macroscopic cartilage formation with embryonic
stem-cell-derived mesodermal progenitor cells. J Cell Sci
116, 2015, 2003.

85. Kawaguchi, J., Mee, P.J., and Smith, A.G. Osteogenic and
chondrogenic differentiation of embryonic stem cells in
response to specific growth factors. Bone 36, 758, 2005.

86. Toh, W.S., et al. Cartilage repair using hyaluronan hydrogel-
encapsulated human embryonic stem cell-derived chon-
drogenic cells. Biomaterials 31, 6968, 2010.

87. Koay, E.J., and Athanasiou, K.A. Hypoxic chondrogenic
differentiation of human embryonic stem cells enhances
cartilage protein synthesis and biomechanical functionality.
Osteoarthritis Cartilage 16, 1450, 2008.

88. Koay, E.J., Hoben, G.M.B., and Athanasiou, K.A. Tissue
engineering with chondrogenically differentiated human
embryonic stem cells. Stem Cells 25, 2183, 2007.

89. Wei, Y., et al. Chondrogenic differentiation of induced
pluripotent stem cells from osteoarthritic chondrocytes in
alginate matrix. Eur Cell Mater 23, 1, 2012.

90. Vats, A., et al. Chondrogenic differentiation of human em-
bryonic stem cells: the effect of the micro-environment.
Tissue Eng 12, 1687, 2006.

91. Xie, F., et al. Chondrogenic differentiation of mouse em-
bryonic stem cells promoted by mature chondrocytes. Sci
China C Life Sci 51, 774, 2008.

92. Murdoch, A.D., Grady, L.M., Ablett, M.P., Katopodi, T.,
Meadows, R.S., and Hardingham, T.E. Chondrogenic dif-
ferentiation of human bone marrow stem cells in transwell
cultures: generation of scaffold-free cartilage. Stem Cells 25,

2786, 2007.
93. Hwang, N.S., Varghese, S., and Elisseeff, J. Derivation of

chondrogenically-committed cells from human embryonic
cells for cartilage tissue regeneration. PLoS One 3, e2498, 2008.

94. Pittenger, M.F., et al. Multilineage potential of adult human
mesenchymal stem cells. Science 284, 143, 1999.

95. Rosland, G.V., et al. Long-term cultures of bone marrow-
derived human mesenchymal stem cells frequently un-
dergo spontaneous malignant transformation. Cancer Res
69, 5331, 2009.

96. Stolzing, A., Jones, E., McGonagle, D., and Scutt, A. Age-
related changes in human bone marrow-derived mesen-
chymal stem cells: consequences for cell therapies. Mech
Ageing Dev 129, 163, 2008.

97. Olivier, E.N., Rybicki, A.C., and Bouhassira, E.E. Differ-
entiation of human embryonic stem cells into bipotent
mesenchymal stem cells. Stem Cells 24, 1914, 2006.

98. Lian, Q., et al. Derivation of clinically compliant mscs from
cd105 + , cd24- differentiated human escs. Stem Cells 25,

425, 2007.
99. Hwang, N.S., et al. In vivo commitment and functional tissue

regeneration using human embryonic stem cell-derived mes-
enchymal cells. Proc Natl Acad Sci U S A 105, 20641, 2008.

100. Nakagawa, T., Lee, S.Y., and Reddi, A.H. Induction of
chondrogenesis from human embryonic stem cells without
embryoid body formation by bone morphogenetic protein
7 and transforming growth factor beta1. Arthritis Rheum
60, 3686, 2009.

101. Boyd, N.L., Robbins, K.R., Dhara, S.K., West, F.D., and
Stice, S.L. Human embryonic stem cell-derived mesoderm-
like epithelium transitions to mesenchymal progenitor
cells. Tissue Eng Part A 15, 1897, 2009.

102. Gong, G., Ferrari, D., Dealy, C.N., and Kosher, R.A. Direct and
progressive differentiation of human embryonic stem cells into
the chondrogenic lineage. J Cell Physiol 224, 664, 2010.

103. Ahrens, P.B., Solursh, M., and Reiter, R.S. Stage-related
capacity for limb chondrogenesis in cell culture. Dev Biol
60, 69, 1977.

104. Diekman, B.O., Christoforou, N., Willard, V.P., Sun,
H., Sanchez-Adams, J., Leong, K.W., and Guilak, F. Carti-
lage tissue engineering using differentiated and purified
induced pluripotent stem cells. Proc Natl Acad Sci U S A
109, 19172, 2012.

105. Martin, M.J., Muotri, A., Gage, F., and Varki, A. Human
embryonic stem cells express an immunogenic nonhuman
sialic acid. Nat Med 11, 228, 2005.

106. Xu, C., et al. Feeder-free growth of undifferentiated human
embryonic stem cells. Nat Biotechnol 19, 971, 2001.

CARTILAGE FROM PLURIPOTENT STEM CELLS 265



107. Vallier, L., Alexander, M., and Pedersen, R.A. Activin/no-
dal and fgf pathways cooperate to maintain pluripotency of
human embryonic stem cells. J Cell Sci 118, 4495, 2005.

108. Liu, Y.X., et al. A novel chemical-defined medium with bfgf
and n2b27 supplements supports undifferentiated growth
in human embryonic stem cells. Biochem Biophys Res
Commun 346, 131, 2006.

109. Yao, S., et al. Long-term self-renewal and directed differenti-
ation of human embryonic stem cells in chemically defined
conditions. Proc Natl Acad Sci U S A 103, 6907, 2006.

110. Ludwig, T.E., Bergendahl, V., Levenstein, M.E., Yu, J.,
Probasco, M.D., and Thomson, J.A. Feeder-independent
culture of human embryonic stem cells. Nat Methods 3,

637, 2006.
111. Chen, G.K., et al. Chemically defined conditions for human

ipsc derivation and culture. Nat Methods 8, 424, 2011.
112. Baxter, M.A., et al. Analysis of the distinct functions of

growth factors and tissue culture substrates necessary for
the long-term self-renewal of human embryonic stem cell
lines. Stem Cell Res 3, 28, 2009.

113. Oldershaw, R.A., et al. Directed differentiation of human
embryonic stem cells toward chondrocytes. Nat Biotechnol
28, 1187, 2010.

114. Sivasubramaniyan, K., et al. Phenotypic and functional
heterogeneity of human bone marrow- and amnion-
derived msc subsets. Ann N Y Acad Sci 1266, 94, 2012.

115. Hayashi, K., Lopes, S.M., Tang, F., and Surani, M.A. Dy-
namic equilibrium and heterogeneity of mouse pluripotent
stem cells with distinct functional and epigenetic states.
Cell Stem Cell 3, 391, 2008.

116. Galvin-Burgess, K.E., Travis, E.D., Pierson, K.E., and Viv-
ian, J.L. Tgf-beta-superfamily signaling regulates embry-
onic stem cell heterogeneity: self-renewal as a dynamic and
regulated equilibrium. Stem Cells 31, 48, 2013.

117. Alfred, R., Taiani, J.T., Krawetz, R.J., Yamashita, A., Ran-
court, D.E., and Kallos, M.S. Large-scale production of
murine embryonic stem cell-derived osteoblasts and
chondrocytes on microcarriers in serum-free media. Bio-
materials 32, 6006, 2011.

118. Levenberg, S., Huang, N.F., Lavik, E., Rogers, A.B., Itsko-
vitz-Eldor, J., and Langer, R. Differentiation of human
embryonic stem cells on three-dimensional polymer scaf-
folds. Proc Natl Acad Sci U S A 100, 12741, 2003.

119. Fecek, C., et al. Chondrogenic derivatives of embryonic
stem cells seeded into 3d polycaprolactone scaffolds gen-
erated cartilage tissue in vivo. Tissue Eng Part A 14, 1403,
2008.

120. Kim, M.J., et al. Generation of human induced pluripotent
stem cells from osteoarthritis patient-derived synovial cells.
Arthritis Rheum 63, 3010, 2011.

121. Jukes, J.M., Moroni, L., van Blitterswijk, C.A., and de Boer,
J. Critical steps toward a tissue-engineered cartilage im-
plant using embryonic stem cells. Tissue Eng Part A 14,

135, 2008.
122. Hwang, N.S., Varghese, S., Zhang, Z., and Elisseeff, J.

Chondrogenic differentiation of human embryonic stem

cell-derived cells in arginine-glycine-aspartate-modified
hydrogels. Tissue Eng 12, 2695, 2006.

123. Hwang, Y.S., Randle, W.L., Bielby, R.C., Polak, J.M., and
Mantalaris, A. Enhanced derivation of osteogenic cells from
murine embryonic stem cells after treatment with hepg2-
conditioned medium and modulation of the embryoid
body formation period: application to skeletal tissue engi-
neering. Tissue Eng 12, 1381, 2006.

124. Hwang, N.S., et al. In vivo commitment and functional tis-
sue regeneration using human embryonic stem cell-derived
mesenchymal cells. Proc Natl Acad Sci U S A 105, 20641,
2008.

125. Jukes, J.M., et al. A newly developed chemically crosslinked
dextran-poly(ethylene glycol) hydrogel for cartilage tissue
engineering. Tissue Eng Part A 16, 565, 2010.

126. Zhang, S., et al. Neonatal desensitization supports long-
term survival and functional integration of human em-
bryonic stem cell-derived mesenchymal stem cells in rat
joint cartilage without immunosuppression. Stem Cells Dev
22, 90, 2013.

127. Tigli, R.S., Cannizaro, C., Gumusderelioglu, M., and Ka-
plan, D.L. Chondrogenesis in perfusion bioreactors using
porous silk scaffolds and hesc-derived mscs. J Biomed
Mater Res A 96, 21, 2011.

128. Wise, J.K., Yarin, A.L., Megaridis, C.M., and Cho, M.
Chondrogenic differentiation of human mesenchymal stem
cells on oriented nanofibrous scaffolds: engineering the
superficial zone of articular cartilage. Tissue Eng Part A 15,

913, 2009.
129. Lui, K.O., Waldmann, H., and Fairchild, P.J. Embryonic

stem cells: overcoming the immunological barriers to
cell replacement therapy. Curr Stem Cell Res Ther 4, 70,
2009.

130. Hiramatsu, K., Sasagawa, S., Outani, H., Nakagawa, K.,
Yoshikawa, H., and Tsumaki, N. Generation of hyaline
cartilaginous tissue from mouse adult dermal fibroblast
culture by defined factors. J Clin Invest 121, 640, 2011.

131. Ben-David, U., et al. Selective elimination of human plu-
ripotent stem cells by an oleate synthesis inhibitor discov-
ered in a high-throughput screen. Cell Stem Cell 12, 167,
2013.

Address correspondence to:
Susan J. Kimber, PhD
Faculty of Life Science

North West Embryonic Stem Cell Centre
University of Manchester

Oxford Road
Manchester M13 9PT

United Kingdom

E-mail: sue.kimber@manchester.ac.uk

Received: January 4, 2013
Accepted: August 15, 2013

Online Publication Date: September 24, 2013

This work is licensed under a Creative Commons Attribution 3.0 United States License. You are free to copy,
distribute, transmit and adapt this work, but you must attribute this work as ‘‘Tissue Engineering, Part B.
Copyright 2013 Mary Ann Liebert, Inc. http://liebertpub.com/teb, used under a Creative Commons Attribution
License: http://creativecommons.org/licenses/by/3.0/us/’’

266 CHENG ET AL.


