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ABSTRACT

In initial work, we developed a 14-day culture protocol under potential GMP, chemically defined con-
ditions to generate chondroprogenitors fromhuman embryonic stem cells (hESCs). The present study
was undertaken to investigate the cartilage repair capacity of these cells. The chondrogenic protocol
was optimized and validated with gene expression profiling. The protocol was also applied success-
fully to two lines of induced pluripotent stem cells (iPSCs). Chondrogenic cells derived from hESCs
were encapsulated in fibrin gel and implanted in osteochondral defects in the patella groove of nude
rats, and cartilage repair was evaluated by histomorphology and immunocytochemistry. Genes asso-
ciated with chondrogenesis were upregulated during the protocol, and pluripotency-related genes
were downregulated. Aggregation of chondrogenic cells was accompanied by high expression of
SOX9andstrong stainingwith SafraninO.CulturewithPluriSln1was lethal forhESCsbutwas tolerated
by hESC chondrogenic cells, and no OCT4-positive cells were detected in hESC chondrogenic cells.
iPSCs were also shown to generate chondroprogenitors in this protocol. Repaired tissue in the defect
area implanted with hESC-derived chondrogenic cells was stained for collagen II with little collagen I,
but negligible collagen IIwas observed in the fibrin-only controls. Viable human cellswere detected in
the repair tissue at 12 weeks. The results show that chondrogenic cells derived from hESCs, using
a chemically defined culture system, when implanted in focal defects were able to promote cartilage
repair. This is a first step in evaluating these cells for clinical application for the treatment of cartilage
lesions. STEM CELLS TRANSLATIONAL MEDICINE 2014;3:1287–1294

INTRODUCTION

Cartilage forms the important load-bearing sur-
face of articular joints, containing an expanded
extracellular matrix maintained by a sparse pop-
ulation of chondrocytes. Because of its avascular
nature, articular cartilage exhibits poor intrinsic
capacity for repair and following trauma is predis-
posed to develop progressive osteoarthritis. An
important aim is thus to repair focal defects
and eventually larger osteoarthritic (OA) lesions
with strategies to develop new cartilage tissue.
This is very challenging because of the lack of suit-
able cell sources. Cell-based treatments using pri-
mary human chondrocytes and adult stem cells
have delivered some success, but without evi-
dence that they can provide a permanent or
large-scale solution. Although autologous chon-
drocyte implantation has been applied to treat
focal cartilage defects [1, 2] the invasive proce-
dure and dedifferentiation of cultured chondro-
cytes during monolayer expansion hinders its
wider application [3]. Furthermore, complica-
tions such as hypertrophy, resulting in vascular
invasion and calcification, have impeded prog-
ress [4, 5].Mesenchymal stem cells have the po-
tential to form chondrocytes [6] and have been

used for cartilage repair [7] but have limited
capacity for proliferation and differentiation
[8]. Human pluripotent stem cell-derived chon-
drocytes offer an alternative cell source for cell-
basedcartilagerepairandmayprovideaconsistent
chondrocyte source to screen for novel com-
pounds that delay cartilage degeneration. In-
duced pluripotent stem cells (iPSCs) will also
provide the opportunity to generate joint dis-
ease models.

We previously reported a directed differenti-
ation protocol for human embryonic stem cells
(hESCs) thatmimics thenatural developmentpro-
cess toward hyaline cartilage to generate chon-
drogenic cells with high efficiency and purity [9].
This protocol exploits the feeder-free and serum-
free culture system we developed to provide
potential GMP conditions for the growth and
expansion of hESCs [10]. It has the potential for
easy clinical adaptation because we are also
generating new clinical grade hESC lines. To take
the work forward, we optimized the protocol, ex-
tending it to human iPSCs, and demonstrate that
hESC-derived chondrogenic cells can regenerate
hyaline cartilage using an osteochondral defect
model in nude rats.
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MATERIALS AND METHODS

Cell Culture and Directed Chondrogenic Differentiation

HUES1 andMAN7 cells were cultured as previously described [9].
Briefly, hESCs were cultured on mitomycin C-inactivated mouse
embryonic fibroblasts (iMEFs) in hESC-medium [10]. For feeder-
free culture, cells were lifted from the iMEF layers with TrypLE
and plated onto fibronectin (FN)-coated (Millipore) tissue culture
flasks with feeder-free medium [10]. The hESCs were differenti-
ated with sequential addition of growth factors in the time se-
quence and at the concentrations previously described [9].
Briefly,Wnt3a, Activin-A, and BMP4were applied to differentiate
the hESCs toward primitive streak mesendoderm (days 1–3), fol-
lowed by BMP4, Follistatin, and GDF5 to drive differentiation to
mesoderm (days 4–8); finally, GDF5, FGF2, and NT4 were used to
promote chondrogenesis (days 9–14). Cells were passaged three
times in the previously published protocol (days 5, 8, and 12)with
a change of coating substrate (FN, gelatin, or a mixture of both).
To improve the protocol, we compared the effect of omitting the
passage on day 12 or using a mixture of FN and gelatin instead of
gelatin alone on the yield of chondrogenic cells (supplemental
online Fig. 1).

Generation of iPSCs

Human dermal fibroblasts derived from the dermis of normal
human adult skin were obtained from the European Collection
of Animal Cell Cultures and were infected with a monocistronic
human lentiviral noninducible reprogramming system, including
OCT4 (iL O-9), SOX2 (iL S-9), KLF4 (iL K-9), and c-Myc (iL M-9) from
Vectalys (Toulouse, France, http://www.vectalys.com). After
transduction for 24 hours, the medium was replaced with com-
plete Dulbecco’smodified Eagle’smedium (DMEM). The infected
fibroblastswere harvested 6 days after transduction and replated
on iMEFs in complete DMEM, which was replaced after 36 hours
with hESC culture medium. Twenty-five to thirty days after trans-
duction, ESC-like colonies weremanually dissected for expansion
(supplemental online Fig. 2A). iPSCs were characterized by ex-
pression of pluripotency markers, multilineage differentiation
through embryoid body generation (supplemental online Fig.
2B) and production of teratomas (supplemental online Fig. 2C).

Generation of Enhanced Green Fluorescent
Protein-Labeled hESCs

To label the ESCs with enhanced green fluorescent protein (EGFP),
HUES1 cells were infected with lentiviral particles carrying elon-
gation factor 1a (EF1a)-EGFP (pLVTHM, Addgene [Cambridge,
MA, https://www.addgene.org] plasmid 12247). Four days after
transduction, EGFP-positive cells were isolated by fluorescence-
activated cell sorting and plated on iMEFs for expansion.

Gene Expression Analysis

Total RNA from cell cultures was extracted using mirVana miRNA
isolation kit (Life Technologies, Rockville, MD, http://www.
lifetech.com). Total RNA fromhumanOA cartilagewas a gift from
Dr. SaraDunn (University ofManchester) andwas extracted using
TRIzol. Genomic DNA was removed using Ambion DNase I (Life
Technologies). Total RNA was reverse transcribed usingMoloney
murine leukemia virus reverse transcriptase (Promega, Madison,
WI, http://www.promega.com). Expression of candidate genes

was determined using SYBR Green PCR Master Mix (Applied Bio-
systems) with an ABI PRISM 7500 Real Time System (Applied Bio-
systems, Foster City, CA, http://www.appliedbiosystems.com)
using gene-specific oligonucleotide primers (supplemental
online Table 1). Expression levels were normalized to GAPDH
and calculated using the 22DCt method. At least three indepen-
dent differentiation experiments were performed.

Immunofluorescence

Cells cultured on fibronectin-coated plastic were fixed using 4%
paraformaldehyde, blocked with 10% serum of the same species
as the secondary antibody, incubated at 4°C for 16 hours with pri-
mary antibody (5 mg/ml SOX9; Millipore, Billerica, MA, http://
www.millipore.com) or irrelevant antibody followed by 1 hour
in appropriate secondary antibody in blocking buffer. For
paraffin-embedded tissue sections, sampleswere deparaffinized,
rehydrated, and subjected to antigen retrieval using sodium
citrate buffer (0.01 M, pH 6). Then human vimentin (4 mg/ml;
R&D Systems Inc., Minneapolis, MN, http://www.rndsystems.
com) was stained using a similar method for detection of SOX9.

Flow Cytometry

Single cell suspensions were fixed in ice-cold methanol (10
minutes at 220°C) and permeabilized by incubation with 1%
bovine serum albumin (BSA), 0.5% Triton X-100 in phosphate-
buffered saline (PBS) for 15 minutes. Cells were incubated with
primary antibody (mouse anti-OCT4, 1 mg/ml; goat anti-human
SOX-9, 8 mg/ml) diluted in ice-cold blocking buffer (1% BSA
in PBS) overnight at 4°C followed by appropriate secondary
antibodies.

Osteochondral Defect Model and Histology/
Immunohistochemistry

Twenty athymic RNU rats (Charles River Laboratories, Wilming-
ton, MA, http://www.criver.com) weighing 200–250 g were used
following local ethical committee approval and under U.K. Home
Office license 40/4237. Osteochondral defects (2-mm diameter
and approximately 2-mm depth) were created in the trochlear
grooves of the distal femurs using a biopsy punch. Fibrin con-
structs were formed by resuspending 33 106 cells in 50 ml of fi-
brinogen followed by adding 50 ml of thrombin; under these
conditions, the fibrin gel formed within seconds. Implants (con-
taining 2 3 105 cells) were cut to fit the osteochondral defects
using a biopsy punch for creating the defects (supplemental
online Fig. 3A). Defects implanted with only fibrin gel served as
controls. For histological analysis, specimens were fixed in 10%
neutral buffered formalin overnight and, decalcified in 10%
ethylenediaminetetraacetic acid (pH 7.4) for 2 weeks, and then
embedded into paraffin. Sections were cut at 5 mm, deparaffi-
nized, and stainedwith hematoxylin and eosin (HE), and immuno-
histochemistry (anti-Col2A1, 2mg/ml, Santa Cruz; anti-Collagen I,
2 mg/ml; Abcam, Cambridge, U.K., http://www.abcam.com) was
performed using diaminobenzidine histochemistry kits (Molecu-
lar Probes). For sulfated glycosaminoglycan (sGAG) detection,
fixed cells were stained in 0.1% (wt/vol) Safranin O (in 0.1%
[vol/vol] in acetic acid) for 5 minutes at room temperature. The
specificity of Safranin O for sGAG was determined by incubating
cultures with 1 unit/ml chondroitinase ABC (Sigma) in chondroi-
tinase buffer (50mMTris [pH 8.0], 60mM sodium acetate, 0.02%
[wt/vol] BSA) for 30 minutes at 37°C before Safranin O staining.
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Some jointswere also fixedandembedded inOCT for cryosection-
ing and used to detect the EGFP-labeled cells in the defect repair
area. Histological scoring for cartilage repair was performed us-
ing Pineda’s method [11, 12].

Statistics

Data are shown as the means 6 SD. An unpaired t test for data
from two groups or one-way analysis of variance for data from
groups of three or more was used to compare data. p values
,.05 were considered to be significant.

RESULTS

Optimization of the Directed Chondrogenic
Differentiation Protocol

Weoptimized the published protocol to enhance chondrogenesis
by avoiding splitting the cells on day 12 and keeping the cells on
a 1:1 mixture of fibronectin and gelatin (supplemental online Fig.
1), and this promoted the expression of chondrogenic genes, in-
cluding Sry-type HMG box 9 (SOX9) and COL2A1, a downstream
target of SOX9 [13–15], which encodes the most abundant carti-
lage matrix protein collagen II (Fig. 1A). This improvement may
result from maintaining a high cell density and accumulation of
extracellular matrix (ECM), which provided an improved niche
for chondrogenesis.

Characterization of Gene Expression of hESCs During
Chondrogenic Differentiation

Assessment of pluripotency-associated genes showed that OCT4
and Nanog expression were high in hESCs but were abolished by
theendof theprotocol andalkalinephosphatase (ALP) expression
also decreased reflecting loss of pluripotency [16] (Fig. 1B). The
expression of SOX9 correlated with zinc-finger protein 145
(ZNF145), an upstream regulator of SOX9 [17] that reached apeak
at stage 2 before declining slightly at stage 3. However, the trans-
activation of SOX9 at stage 3may be stabilized by high expression
of SOX5 and SOX6, which act cooperatively with SOX9 to regulate
theexpressionofCOL2A1 andother genesof chondrogenic differ-
entiation [18, 19] (Fig. 1B). P300, a histone acetyltransferase,
modulates the function of SOX9 and other transcription factors
[20] and was expressed at a consistently high level during differ-
entiation. Interestingly, SIRT1, anNAD-dependent histone deace-
tylase, proposed to be a positive regulator of SOX9 [21], increased
in parallel with SOX9 and also decreased at stage 3. Chondrocyte-
ECM genes, collagen II and XI, showed a dramatic increase during
differentiation with some increase in aggrecan (Fig. 1C), whereas
collagen I expression was negligible. Matrilin-1 (MATN1) expres-
sion decreased at stage 3, whereas the expression of Matrilin-3
(MATN3) increased throughout and was around 50 times higher
than that ofMATN1 at the endof the protocol. This higher expres-
sion of MATN3 is associated with articular and not epiphyseal
chondrocytes [22]. The expression of collagen X (COLX), a gene
associated with chondrocyte hypertrophy [23], was negligible
at all stages comparedwith thehighexpressiondetected in a sam-
ple of OA cartilage (800 times higher). The expression ratio of
MATN3/MATN1, togetherwith the negligible expression of COLX,
suggests that the chondrogenic cells generated are on a develop-
mental pathway to articular chondrocytes and not to epiphyseal
chondrocytes. The revised protocol developed with HUES1 was
also validated with a new hESC line, MAN7, which produced

prominent SOX9 and Safranin O positive cell aggregates at the
end of the protocol (Fig. 1D). The Safranin O intensity indicated
chondroitin sulfate accumulation, which was confirmed by chon-
droitinase ABC digestion.

Absence of Pluripotent Cells in hESC
Chondrogenic Cultures

The stearoyl-CoA desaturase 1 (SCD1) inhibitor PluriSIn1 is re-
ported to be selectively toxic to pluripotent cells at 20 mM
[24]. We confirmed this toxicity with HUES1 cells, but at 20 mM
it was also toxic to stage 3 cells. However, in further experiments
with PluriSIn1 at 2.5 mM for 72 hours, it selectively killed HUES1
cells butwas not toxic to thedifferentiated cells fromstage 3, sug-
gesting that pluripotency was lost during differentiation of the
chondrogenic cells (Fig. 2A). Together with the lack of OCT4 pos-
itive cells detected using flow cytometry on day 14 of chondro-
genesis, compared with 95% positive cells in HUES1 pluripotent
cultures (Fig. 2B), this provided good evidence that the protocol
was effective in generating differentiated cells with negligible re-
sidual pluripotent cells.

iPSC Differentiation to Chondrocytes

The revised differentiation protocolwas also testedwith two iPSC
lines, ZK2012L and ZK2012B, generated in our group. The iPSCs
were first evaluated for expression of pluripotency-associated
markers and for their ability to generate EBs and teratomas, in
each case giving cells of all three germ lineages (supplemental
online Fig. 2C). These iPSCs in feeder-free culture maintained
a hESC-like morphology with nuclear expression of the pluripo-
tency associated markers OCT4, SOX2, and Nanog. By day 6 of di-
recteddifferentiation, thecellshad lost theirhESC-likemorphology
and showed a flattened appearance, similar to hESCs at the same
stage, and by day 13, they weremore roundedwith themorphol-
ogy seen previously for chondrogenic precursors (Fig. 3A).

Chondrogenic differentiation of human iPSCs (hiPSCs) (be-
tween passages 12 and 25) was validated by immunostaining
for SOX9,which showed nuclear localization (Fig. 3A), and by flow
cytometry, the proportion of SOX9 positive cells at the end of the
protocol was 96% 6 4.8% (n = 3) (Fig. 3B). At day 13, three-
dimensional Safranin O-positive/chondroitinase-sensitive aggre-
gates formed (Fig. 3A). Gene expression analyses of the iPSC lines
showed chondrocyte-associated gene expression. COL2A1 in-
creased eightfold between pluripotent hiPSCs and stage 3 (Fig.
3C), and therewas a 12.7-fold upregulation in SOX9 between plu-
ripotent iPSCs and cells at day 6,which fell to a 3.5-fold increase at
day 13 (Fig. 3C). The expression of L-SOX5 showed a 30-fold in-
crease between pluripotent iPSCs and cells at day 13 (Fig. 3C).

As with hESCs, in the iPSC lines the high expression of the
pluripotency-associated genes OCT4, SOX2, and Nanog was lost
during differentiation, being undetectable at day 13. This indi-
cates loss of the pluripotent stem cell state (Fig. 3C). Collectively,
the data showed evidence for the differentiation of iPSCs along
the chondrogenic lineage.

Cartilage Regeneration in a Focal Osteochondral Defect

Weassessed the regenerative potencyof the chondroprogenitors
derived from hESCs using an osteochondral defect model in the
patellar groove of athymic RNU rats. To track the fate of the
implanted cells, we labeled hESCs using lentivirus carrying an
EF1 promoter-driven EGFP as reporter. When the cells were
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differentiated to chondroprogenitors and then encapsulated in
fibrin gel, almost all cells were SOX9 positive after 3 days of cul-
ture. By 4 weeks, the defects treated with fibrin chondroprogeni-
tors were partially repaired, mainly with flat, shiny, translucent
tissue observed in the unfixed joint, but with some areas of irreg-
ular surface. This contrasted with fibrin-only controls, which con-
tainedminimal repair with rough and irregular tissue (Fig. 4A). At
8 weeks, the repair was even more complete in defects treated
with fibrin chondroprogenitors, and at 12 weeks the fibrin

chondroprogenitor-treated defects showed a smooth surface,
which appeared similar tonative cartilage. Fibrin-treated controls
remained poorly repaired (Fig. 4A, 4D).

Histology at 4 weeks after implantation of fibrin chondropro-
genitors showed repair tissue with lacunae-containing cells re-
sembling chondrocytes in a matrix with staining for sGAG and
collagen II. In contrast, in controls treated with fibrin only, there
was a high density of small fibroblastic cells lacking sGAG and col-
lagen II staining. By 12 weeks, the sGAG and collagen II staining

Figure 1. Characterization of cells subjected to the directed differentiation protocol. (A): The directed differentiation protocol was optimized
by avoiding splitting the cells on day 12 and continuation of fibronectin substrate with gelatin to the end of the protocol, which resulted in
a higher expression level of SOX9 and COL2A1, but lower RUNX2. The results are the means6 SD (n = 3). (B, C): Expression of genes associated
with pluripotency and chondrogenesis (B) and chondrocyte ECM (C) during the directed the differentiation protocol was analyzed by quanti-
tative reverse transcription polymerase chain reaction. Human dermal fibroblasts were used as a positive control for Collagen I. The results are
themeans6 SD (n =3). Levels of significance are depicted as follows: p,p, .05; pp,p, .01. (D):Chondrogenic cells derived fromMAN7 showed
a very high level of aggregation at the endof theprotocol and high expression of SOX9 (inset shows IgG control), aswell as a high level of Safranin
O staining (inset shows pretreatedwith chondroitinase ABC). Scale bars = 100mm. Abbreviations: ALP, alkaline phosphatase; ECM, extracellular
matrix; FN, fibronectin; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GEL, gelatin; Saf-O, Safranin O.

Figure 2. Detection of residual pluripotent cells in human embryonic stem cell (hESC) chondrogenic cells. HUES1 and chondrogenic cells de-
rived from these hESCs were treated with 2.5 mMPluriSIn1 or DMSO for 72 hours. (A):OCT4 expression in both types of cells was investigated
with flow cytometry. (B):No significant difference was found for cells labeled with IgG control and OCT4. The results are themeans6 SD (n = 3
experiments). Scale bar = 100 mm. Abbreviations: DMSO, dimethyl sulfoxide; NS, not significant.
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had increased in tissue repaired with fibrin chondroprogenitors,
but the controls remained poorly stained. In contrast, in the
repaired cartilage, collagen I staining was faint, similar to that
in native cartilage, compared with the strong staining in the sub-
chondral bone. This suggests the formation of hyaline cartilage
from implanted chondrocytes derived from hESCs (Fig. 4B). We
evaluated the repair using a histomorphological scoring system
for cartilage [11, 12] and found significantly improved repair with
hESC chondrogenic cells compared with fibrin-only controls after
both 4 and 12 weeks of implantation (Fig. 4C). No tumor forma-
tion was found during the histological analysis.

To determine whether the human cells remained in the con-
struct and were therefore potentially responsible for deposition
of the cartilage matrix, cryosections of joint samples in which
EGFP-labeled chondrogenic cells had been implanted were

examined. At 8weeks, EGFP-positive cells were present in the de-
fect area including at the level of subchondral bone. The fate of
implanted cells was also demonstrated with a human-specific
anti-vimentin antibody, which stained many cells in the defect
area at 12 weeks, confirming survival of viable human cells in
the rat joint (Fig. 4D).

DISCUSSION

In this study, we validated the previous reported protocol with
further hESC and iPSC lines and refined the method to enhance
theexpressionofSOX9andcollagen II, aswell as topromotechon-
drogenic aggregation at the end of the protocol. We demon-
strated that the hESC chondroprogenitors implanted in fibrin
gel produced statistically significant enhanced repair of cartilage

Figure 3. Chondrogenic differentiation of iPSCs. iPSCsweredifferentiated into chondroprogenitors using thedirected differentiation protocol.
(A): At the end of the protocol, chondrogenic cell aggregation was observed, SOX9 expression was detected by immunofluorescence and the
deposition of sulfated glycosaminoglycan was shown by Safranin O staining (inset shows cultures pretreated with chondroitinase ABC). Scale
bars = 200 mm. (B): Flow cytometry study for SOX9 expression in chondrogenic cells from day 13 of the protocol. (C): Genes associated with
pluripotency and chondrogenesis weremeasured by quantitative reverse transcription polymerase chain reaction. B and L indicate the two iPSC
lines used for the experiment. The results are themeans6 SD (n=3). The levels of significance aredepicted as follows:pp,p, .01;ppp,p, .001.
Abbreviations: d6, day6; d13, day13;GAPDH, glyceraldehyde-3-phosphatedehydrogenase; iPS, inducedpluripotent stemcells; Saf-O, SafraninO.
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in vivo compared with fibrin scaffold alone in an osteochondral
defect model in RNU rats. The repair tissue in the defect showed
enhanced cartilage formation in the areawhere the hESC-derived
chondrocytes were implanted, which stained strongly for sGAG

and collagen II with negligible collagen I. This contrasted with
the fibrin-only control, which showed negligible cartilage for-
mation. In our scoring system, uninjured cartilage would score
0; thus the hESC-derived cartilage repair is not equivalent to

Figure 4. In vivo cartilage formation promoted by chondrogenic cells derived from human embryonic stem cells. (A): RNU rats were killed at des-
ignated time points postimplantation, and the patella groove was assessed by macroscopic examination of the gross appearance after fixation. (B):
Histological assessment of sections through knee cartilage using hematoxylin and eosin and Saf-O staining and by immunohistochemical staining for
collagen Iand II. (C):Cartilage repair scoringusingPineda’s system,whichhasa score, range from0(best) to14 (worst). Theresultsare themeans6SD
(n = 3 animals for the 4 weeks group and n = 6 for the 12 weeks group; 18 animals in total) (D): GFP-positive cells (which expressed SOX9 before
implantation, top right column) were detected 8 weeks after implantation of GFP-labeled chondrogenic cells (defect area outlined by dotted line).
Humancellsweredetected12weeksafter implantationby immunohistochemistryusinganti-humanvimentinantibody(surfaceofdefectareashown
bydotted line).Blackbars=defectarea;whitebars=500mm;greenbars=100mm.Abbreviations:Col, collagen;DAPI,49,6-diamidino-2-phenylindole;
GA, gross appearance after fixation; GFP, green fluorescent protein; HE, hematoxylin and eosin; hVimentin, human vimentin; Saf-O, Safranin O.
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uninjured cartilage but is significantly better the repair of defects
treated with fibrin alone. Importantly, we also showed that plu-
ripotent cells were undetectable in the hESC chondrogenic cell
population, and no evidence of abnormal tissue formation or
tumors was detected after 12 weeks in vivo. These results thus
mark an important step forward in supporting further develop-
ment toward clinical translation. Clinical grade hESCs and their
defined differentiation into chondrocytes offer the twin advan-
tages of generating cells of reproducible repair potential and
the possibility of banking large numbers of cells for delivery to
many patients, because hESCs retain the capacity for almost un-
limited proliferation (self-renewal). Although conclusive evi-
dence is not yet in place, there are suggestions that cartilage
repair may be feasible using allogeneic cells with limited tissue
matching [25], opening theway tomorewidespread use of hESCs
as a therapeutic cell source. In our protocol, hESCs differentiate
rapidly and efficientlywithin 14 dayswith a greater than eightfold
cell expansion [9]. Supported by our in vivo results, this shows
that the protocol has strong potential for development to gener-
ate large numbers of chondrogenic cells appropriate for clinical
use. The development of robust, chemically defined differentia-
tion protocols combined with clinical grade hESC lines makes fu-
ture application feasible [26].

In this study, we have also shown that iPSCs also responded to
our protocol. This is important because these cellsmay also be used
to make patient-specific chondrocytes for treatment in the future.
However, the lowefficiencyof reprogramming topluripotency, con-
cerns regarding their differences from authentic hESCs [27], and
issues of retention of differentiated epigenetic memory are addi-
tional hurdles that need to be overcome. It was notable that the
iPSCs showed a slightly reduced response to hESCs in the later chon-
drogenic phase of our protocol. This suggests that conditions may
not be optimal for iPSCs, or this could reflect the process of repro-
gramming includingepigeneticmemory. It isalsopossible thatat low
passage number, the cells may be less responsive to differentiation
signals, although we have not found this with hESCs.

Because our protocol mimics intrinsic human chondrocyte
differentiation, it will also be invaluable in studying the processes
involved in cartilage development in vitro and developing human
disease models for conenital skeletal defects. The application of
the protocol to iPSCs, pluripotent cells of quite different origin
fromhESCs, illustrates the intrinsic nature of the signals involved.
Up to now, there has been limited research on the derivation of
chondrocytes from iPSCs. Differentiation of iPSCs derived from
osteoarthritic chondrocytes was reported using retroviral trans-
duction of transforming growth factor b1 (TGFb1), combined
with coculture with existing chondrocytes on an alginate matrix
[28]. Although this combined method improved on coculture or
TGFb1 transduction alone, the use of primary chondrocytes
makes the process variable and undefined. The direct transdiffer-
entiation of mouse adult dermal fibroblasts into chondrocytes
has also been attempted through the retroviral expression of
two reprogramming factors (c-Myc and Klf4) and one chondro-
genic factor, SOX9 [29]. This eliminated the need for iPSCs;

however, the resultant chondrogenic cultures showed karyotypic
instability, tumor formation, and hypertrophic cartilage forma-
tion. Our differentiation protocol represents a major improve-
ment in the efficient derivation of chondrogenic cells under
defined conditions from pluripotent cells.

Chondrocyte adhesion to substrates in monolayer culture was
reported to induce actin stress fiber formation and loss of SOX9 ex-
pression, so reduced substrate adhesion in cell aggregates may in-
fluence the number of cells expressing SOX9 and its level of
expression [30]. The evidence of a type II collagen and chondroitin
sulfate-rich matrix at the end of the protocol clearly shows that the
expression of SOX9 in the hESC-derived chondroprogenitors is suf-
ficient to drive cartilage matrix protein production.

CONCLUSION

We have shown that hESC chondrogenic cells generated using
a chemically defined serum-free protocol can generate cartilage
repair in vivo, proof of principle for using hESCs as a cell source for
cartilage tissue engineering. The protocol provides a system that
will enable detailed analysis of the mechanisms driving chondro-
genesis in health and disease and a platform for diverse research
applications.
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