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Speci®c Growth Factors During the Expansion and
Redifferentiation of Adult Human Articular
Chondrocytes Enhance Chondrogenesis and
Cartilaginous Tissue Formation in Vitro

M. Jakob, O. DeÂmarteau, D. SchaÈfer, B. Hintermann, W. Dick, M. Heberer, and I. Martin*

Department of Surgery, Research Division, University of Basel, Switzerland

Abstract Adult human articular chondrocytes were expanded in a medium with 10% serum (CTR) or further
supplemented with different mitogens (i.e., EGF, PDGFbb, FGF-2, TGFb1, or FGF-2/TGFb1). Cells were then induced
to redifferentiate in 3D pellets using serum-supplemented medium (SSM), serum-free medium (SFM), or SFM
supplemented with factors inducing differentiation of chondroprogenitor cells (i.e., TGFb1 and/or dexamethasone). All
factors tested during expansion enhanced chondrocyte proliferation and dedifferentiation, as assessed by the mRNA
ratios of collagen type II to type I (CII/CI) and aggrecan to versican (Agg/Ver), using real-time PCR. FGF-2/TGFb1-
expanded chondrocytes displayed the lowest doubling times, CII/CI and Agg/Ver ratios, averaging, respectively, 50, 0.2
and 15% of CTR-expanded cells. Redifferentiation in pellets was more ef®cient in SFM than SSM only for EGF-,
PDGFbb- or FGF-2-expanded chondrocytes. Upon supplementation of SFM with TGFb and dexamethasone (SFM TD),
CII/CI ratios decreased 4.4-fold for EGF- and PDGFbb-expanded chondrocytes, but increased 96-fold for FGF-2/TGFb1-
expanded cells. Chondrocytes expanded with FGF-2/TGFb1 and redifferentiated in SFM TD expressed the largest mRNA
amounts of CII and aggrecan and generated cartilaginous tissues with the highest accumulation of glycosaminoglycans
and collagen type II. Our results provide evidence that growth factors during chondrocyte expansion not only in¯uence
cell proliferation and differentiation, but also the cell potential to redifferentiate and respond to regulatory molecules
upon transfer into a 3D environment. J. Cell. Biochem. 81:368±377, 2001. ß 2001 Wiley-Liss, Inc.
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In the past few years, several studies have
underlined the potential of ex vivo engineered
cartilaginous grafts to promote a functional
repair of large articular cartilage defects [Freed
et al., 1994; Kawamura et al., 1998; Sittinger
et al., 1999]. In order to generate autologous
cartilaginous constructs, however, the limited
number of human chondrocytes which are
available from a small articular cartilage biopsy
needs to be reproducibly and ef®ciently utilized.
Articular chondrocytes, mainly characterized
by a spherical cell shape and the synthesis of
speci®c structural macromolecules (i.e., col-
lagen type II and aggrecan), dedifferentiate

during in vitro expansion in monolayer culture,
assuming a ®broblast-like morphology and
expressing macromolecules typical of pre-chon-
drogenic mesenchymal cells (e.g., collagen type
I and versican) [Benya and Shaffer, 1982;
Binette et al., 1998]. In principle, chondrocyte
dedifferentiation can be reversed by transfer-
ring cells into an environment supporting a
spherical morphology such as in pellets [Stew-
art et al., 2000], polymer gels [Benya and
Shaffer, 1982], or three-dimensional (3D) scaf-
folds [Martin et al., 1999; Stewart et al., 2000].
However, the generation of autologous cartila-
ginous grafts requires the development of
procedures not only to quickly expand human
chondrocytes, but also to maintain their chon-
drogenic potential and to reproducibly promote
their redifferentiation in a 3D culture system.

It has long been known that human articular
chondrocytes can undergo only a limited num-
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ber of cell divisions in vitro and that their
proliferative potential decreases with age
[Evans and Georgescu, 1983]. Speci®c growth
factors added to monolayer cultures were re-
ported to induce proliferation of rabbit [Vivien
et al., 1990; Bradham and Horton, 1998], bovine
[de Haart et al., 1999; Martin et al., 1999] and
human [Guerne et al., 1995] articular cartilage
cells. These results outlined a possible solution
to reproducibly reduce the times of expansion
for human chondrocytes, even when isolated
from elderly individuals. However, the differ-
entiation stage and redifferentiation potential
of human articular chondrocytes expanded in
the presence of different growth factors have not
yet been investigated.

The redifferentiation of human expanded
chondrocytes in vitro was reported to be negli-
gible [de Haart et al., 1999], to decrease with
serial passaging [Bonaventure et al., 1994], to
fully develop only in long-term cultures [Binette
et al., 1998; Liu et al., 1998], and to be highly
dependent on the lot of serum used [Yaeger
et al., 1997]. The ability of human expanded
chondrocytes to redifferentiate was recently
studied under controlled conditions in a chemi-
cally de®ned serum-free medium, and shown
to be enhanced by speci®c combinations of
growth factors and hormones during 3D culture
[Yaeger et al., 1997]. However, the differentia-
tion requirements for human chondrocytes
expanded in the presence of different growth
factors have not yet been investigated.

In this paper, we studied the effects of
different growth factors and culture medium
compositions on the coordinated expansion-
redifferentiation of human articular chondro-
cytes by using a two-phase culture system (i.e.,
2D monolayer culture and 3D cultivation in
pellets). Based on previous works performed
using chick [Quarto et al., 1997] and bovine calf
[Martin et al., 1999] chondrocytes, our hypoth-
esis was that expansion of adult human chon-
drocytes with speci®c growth factors can
modulate not only their proliferation and
differentiation, but also their ability to rediffer-
entiate when transferred into a 3D environ-
ment. Growth factors supplemented to the
culture medium during monolayer expansion
were selected as known mitogens for chondro-
cytes [Guerne et al., 1995; Quarto et al., 1997],
whereas factors used to redifferentiate cells in
pellets were selected as known chondrogenic
stimuli for dedifferentiated chondrocytes [Yae-

ger et al., 1997] or mesenchymal progenitor cells
[Yoo et al., 1998]. In order to reliably quantify
patterns of chondrocyte differentiation in a
large number of culture conditions, the expres-
sion of collagen types I and II, as well as of
aggrecan and versican, was assessed at the
mRNA level using a recently developed method
based on real time PCR [Martin et al., 2000].

METHODS

Culture of Human Articular Chondrocytes

Cartilage specimens. Human articular
cartilage samples were collected from the hip
or the ankle joints of four patients (mean age
57.5, range 25±73) with no history and no
radiographic signs of joint disease, undergoing
joint replacement following femoral neck frac-
ture or foot amputation for tumor resection in
the University Hospital of Basel.

Phase I: Cell isolation and expansion in
monolayers. Chondrocytes were isolated upon
22-hour incubation at 37�C in 0.15% type II
collagenase and resuspended in Dulbecco's
modi®ed Eagle's medium (DMEM) containing
10% fetal bovine serum, 4.5 mg/mL d-glucose,
0.1 mM nonessential amino acids, 1 mM
sodium pyruvate, 100 mM HEPES buffer, 100
U/mL penicillin, 100 mg/mL streptomycin, and
0.29 mg/ml l-glutamine (control medium,
CTR). The lot of serum used (40G2470J, Gibco
BRL Life Technology) was selected among ®ve
different ones based on preliminary prolifera-
tion tests. Chondrocytes were plated on tissue
culture ¯asks at approximately 104 cells/cm2

and cultured in a humidi®ed 37�C/5% CO2

incubator. After approximately 10 days, when
cells were sub-con¯uent, ®rst passage cells (P1)
were detached using 0.25% trypsin/1 mM
EDTA and replated at 5� 103 cells/cm2. After
one more week, when cells again approached
con¯uency, second passage (P2) cells were
trypsinized and cultured in pellets as described
below. Throughout the expansion phase, cells
were cultured in CTR medium, or CTR medium
supplemented with different growth factors,
involved in cartilage metabolism. In particular,
the following factors (all from R&D Systems,
Minneapolis, MN) were tested: 5 ng/mL of
®broblast growth factor-2 (FGF-2), 10 ng/mL
of epidermal growth factor (EGF), 10 ng/mL
of platelet-derived growth factor-bb (PDGFbb),
1 ng/mL of transforming growth factor-b1
(TGF-b), or the combination of 5 ng/mL FGF-2
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and 1 ng/mL TGF-b (FGF-2/TGFb). The con-
centrations of these factors were selected based
on preliminary dose-response studies. During
expansion, chondrocytes underwent 5±7 dou-
blings.

Phase II: Cultivation of human chon-
drocytes in pellets. P2 chondrocytes were
suspended either in chemically de®ned serum-
free medium (SFM) or in serum-supplemented
medium (SSM). SFM consisted of DMEM
supplemented with ITS�1 (Sigma Chemical,
St. Louis, MO; i.e., 10 mg/mL insulin, 5.5 mg/
mL transferrin, 5 ng/mL selenium, 0.5 mg/mL
bovine serum albumin, 4.7 mg/mL linoleic
acid), 0.1 mM ascorbic acid 2-phosphate, and
1.25 mg/mL human serum albumin. The ITS�1

supplements were selected based on previous
reports that they were able to promote chon-
drogenic differentiation of human expanded
chondrocytes [Yaeger et al., 1997] and mesen-
chymal progenitor cells [Yoo et al., 1998]. SSM
was CTR medium supplemented with 10 mg/mL
insulin and 0.1 mM ascorbic acid 2-phosphate.
The concentration of insulin in SSM was the
same as in the SFM and suf®cient to substitute
for the IGF-I requirement for human chondro-
cyte differentiation [Yaeger et al., 1997]. Ali-
quots of 5� 105 cells in 0.5 mL of medium were
centrifuged at 7500 rpm for 15 s in 1.5 mL poly-
propylene conical tubes (Sarstedt, NuÈmbrecht,
D) to form spherical pellets, which were placed
onto a 3D orbital shaker (Bioblock Scienti®c,
Frenkendorf, CH) at 30 rpm in a humidi®ed
37�C/5% CO2 incubator. Pellets were cultured
in four different medium compositions: SSM,
SFM, SFM supplemented with 10 ng/mL TGF-
b (SFM T), and SFM supplemented with T and
10-7 M dexamethasone (SFM TD). The concen-
trations of TGFb and dexamethasone were
selected based on previous studies on the
differentiation of human chondrogenic cells
[Yaeger et al., 1997; Yoo et al., 1998]. After 2
weeks, pellets were processed for histology,
biochemistry, or mRNA analysis as described
below.

Analytical Methods

Cell proliferation and differentiation in
monolayers. Doubling times and differentia-
tion markers of P1 and P2 chondrocytes were
obtained by plating primary and P1 chondro-
cytes, respectively, in 10 mm wells at the same
density and in the same culture conditions
described for cell expansion. DNA amounts

were measured at timed intervals in triplicate
using the CyQuant cell proliferation assay kit
(Molecular Probes, Eugene, OR), according to
the manufacturer's instructions. The doubling
time of a cell population during the exponential
growth phase was calculated as the ratio of T
to log2(N/N0), where N0 and N were the DNA
amounts at the beginning and end, respec-
tively, of the exponential growth time (T)
[Martin et al., 1999]. After the exponential
growth phase, mRNA from sub-con¯uent wells
was extracted and analyzed as described below.

Histology and immunohistochemistry
of cell pellets. Cell pellets were rinsed with
phosphate buffered solution (PBS), ®xed in 4%
buffered formalin for 24 h at 4�C, embedded in
paraf®n and cross-sectioned (5-mm thick). For
histological evaluation, sections were stained
with safranin O for sulfated glycosaminogly-
cans (GAG). For immunohistochemical analy-
sis, sections were incubated for 1 h with 0.25%
NH3 in 70% ethanol during deparaf®nization.
Sections were then treated for 40 min on ice
with 10 mg/mL NaBH4, for 30 min at 37�C with
1 mg/mL testicular hyaluronidase, and for 15
min at room temperature (RT) with normal
goat serum diluted 1:10 in PBS. Samples were
labeled by incubation for 1 h at RT with a
monoclonal antibody against collagen type II
(II-II6B3, Developmental Studies Hybridoma
Bank, Baltimore, MD), for 1 h at RT with Alexa
488 (Molecular Probes) diluted 1:800 and for 30
min at RT with 0.1% Sudan Black in 70%
ethanol. NH3, NaBH4, and Sudan Black were
used to reduce background ¯uorescence. Speci-
mens were ®nally imaged by a confocal laser
scanning microscope (TCS 4-D CLSM, Leica
AG, Heidelberg) using Argon laser excitation
and an Apochromat 25X 0.75 NA oil immersion
objective. Optical sections were acquired at 0.5-
mm increments and rendered using the Imaris
software (Bitplane, ZuÈ rich, CH).

Biochemical analysis of cell pellets. Cell
pellets were digested with protease K (0.5 mL
of 1 mg/mL protease K in 50 mM Tris with 1
mM EDTA, 1 mM iodoacetamide, and 10 mg/mL
pepstatin-A for 15 h at 56�C) [Hollander et al.,
1994]. GAG contents were measured spectro-
photometrically using dimethylmethylene blue
[Farndale et al., 1986], with chondroitin sulfate
as a standard, and normalized to the DNA
amount, measured spectro¯uorometrically
using Hoechst 33258 [Kim et al., 1988], with
calf thymus DNA as a standard.
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Total RNA extraction and cDNA synth-
esis. RNA was extracted from expanded cells
or pellets using Trizol (Life Technologies,
Basel, CH) and the standard single-step acid-
phenol guanidinium method [Chomczynski
and Sacchi, 1987]. Pellets suspended in Trizol
were ®rst sonicated for 20 s. cDNA was
generated from 2 mg of RNA by using murine
MLV reverse transcriptase (BRL, Gaithers-
ville, MD) in the presence of dNTPs and DTT,
according to the manufacturer's instructions.

Real-time PCR ampli®cation and quan-
titative analysis. PCR reactions were per-
formed and monitored using a ABI Prism 7700
Sequence Detection System (Perkin±Elmer
Applied Biosystems). The PCR master mix
was based on AmpliTaq Gold DNA polymerase
(Perkin±Elmer Applied Biosystems). cDNA
samples (2.5 mL in a total volume of 25 mL per
well) were analyzed in single (for cells in
monolayers) or in duplicate (for cell pellets).
Sequences of primers and probes for human
GAPDH, collagen types I, II, and X, aggrecan
and versican are described in [Martin et al.,
2000]. After an initial denaturation step at
95�C for 10 min, the cDNA products were
ampli®ed with 45 PCR cycles, consisting of a
denaturation step at 95�C for 15 s and an
extension step at 60�C for 1 min. Data analysis
was carried out by using the Sequence Detector
V program (Perkin±Elmer Applied Biosys-
tems). For each sample, the Ct value was
determined as the cycle number at which the
¯uorescence intensity reached 0.05; this value
was chosen after con®rming that, in this range,
all curves were in the exponential phase of
ampli®cation. For each cDNA sample, the Ct
value of each target sequence was subtracted
from the Ct value of the reference gene
(GAPDH), to derive DCt. The level of expres-
sion of each target gene was then calculated
as 2DCt. This formula could be used since the
ef®ciencies of ampli®cation for the genes of
interest and the housekeeping gene were
comparable (<10% difference) and close to
100% [Martin et al., 2000]. Figures calculated
as described above, however, cannot be con-
sidered as absolute expression levels of the
different genes, and can only be used for
relative comparisons among different culture
conditions (PE-ABI; Sequence Detector User
Bulletin 2).

Since collagen type II and aggrecan are the
typical markers of differentiated chondrocytes

in hyaline cartilage, as opposed to collagen type
I and versican, which are expressed by dediffer-
entiated chondrocytes and in ®brocartilage, we
used the ratios of mRNA levels of collagen type
II to I (CII/CI) and of aggrecan to versican (Agg/
Ver) as differentiation indexes related to the
expression of collagens and proteoglycans,
respectively [Martin et al., 2000].

Statistical analysis. Unless otherwise sta-
ted, all experiments were repeated at least
three times with cells from different indivi-
duals. Values are presented as mean �SD.
Differences among experimental groups were
assessed by one-way analysis of variance
(ANOVA). Values of P<0.05 were considered
to indicate statistically signi®cant differences.

RESULTS

Effects of Different Growth Factors on
Chondrocyte Expansion

All the growth factors tested during chondro-
cyte expansion in monolayers induced a sig-
ni®cant decrease in the doubling times of
exponential growth, with the exception of EGF
during P1 (Table IA). During P1, FGF-2 and
TGFb promoted the highest cell proliferation
rates, and the combination of the two factors
had an additive effect, reducing the doubling
times of CTR cultures by about 40%. During P2,
chondrocytes proliferated generally faster than
during P1, except when stimulated by TGFb.
Cells cultured in the presence of FGF-2/TGFb
displayed the lowest doubling times, averaging
about 50% of the CTR condition.

Ratios of collagen type II to I (CII/CI) and of
aggrecan to versican (Agg/Ver) at the mRNA
level averaged, respectively, 288� 115 and
90� 25 in native cartilage samples used for this
study. Both indexes were markedly lower in P1
cells in all culture conditions, con®rming that
chondrocyte expansion was associated with
the loss of the differentiated phenotype (Table
IB,C). After P1, CII/CI and Agg/Ver values were
signi®cantly lower (up to 100 fold) in chondro-
cytes expanded in the presence of FGF-2, TGFb
and FGF-2/TGFb than in CTR cells. After P2,
CII/CI ratios further decreased in all culture
conditions and were the lowest if cells were
cultivated in the presence of FGF-2/TGFb (more
than 500-fold lower than in CTR cultures). Agg/
Ver ratios after P2 were comparable to those
measured after P1, in all culture conditions.
As compared to CTR cells, the expression of
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collagen type I was lower in chondrocytes
expanded with FGF-2, and higher if cells were
expandedwithTGFborFGF-2/TGFb (TableID).
Therefore, as compared to the CTR condition,
CII/CI ratios were lower in FGF-2 expanded
chondrocytes mainly due to a decrease in CII
expression, whereas in TGFb expanded chon-
drocytes the same effect was mainly due to an
increase in CI expression. In FGF-2/TGFb
expanded cells, CII/CI ratios were the lowest
due to the combined up- and down-regulation of
CI and CII, respectively (Table IB,D). As com-
pared to CTR cultures, lower Agg/Ver ratios in
FGF-2, TGFb and FGF-2/TGFb expanded cells
were always due to a combined up- and down-
regulation of versican and aggrecan, respec-
tively (Table IC,E).

Morphological observations matched molecu-
lar data regarding chondrocyte differentiation.
As an example, Figure 1 illustrates that after P1
cells expanded in CTR medium had still a round
shape, characteristic of the differentiated chon-
drocyte phenotype (Fig. 1A), whereas cells
expanded with FGF-2/TGFb displayed the
typical ®broblast-like phenotype of dedifferen-
tiated chondrocytes (Fig. 1B).

Redifferentiation of Expanded Chondrocytes in
Cell Pellets

The redifferentiation potential of P2 chon-
drocytes expanded with the different growth
factors was evaluated in pellets cultured under

TABLE I. Chondrocyte Proliferation and Differentiation During Monolayer Expansiona

Expansion Condition
ÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐ
CTR EGF PDGFbb FGF-2 TGFb FGF-2/TGFb

A Doubling time (hours)
During P1 84.4� 10.9 71.4� 7.8 63.9� 6.6b 59.1� 4.5b 59.0� 7.1b 49.8� 1.0c

During P2 76.6� 3.9 67.1� 1.7* 47.2� 1.4b 47.7� 2.0b 66.2� 4.2b 38.2� 2.9c

B CII/CI mRNA ratio
After P1 1.16� 0.40 0.93� 0.24 1.47� 0.20 0.35� 0.14b 0.08� 0.05b 0.01� 0.00c

After P2 0.86� 0.58 0.26� 0.12b 0.23� 0.12b 0.20� 0.06b 0.03� 0.02b 0.00� 0.00c

C Agg/Ver mRNA ratio
After P1 1.50� 0.57 2.52� 1.53 1.57� 0.75 0.46� 0.10b 0.06� 0.02b 0.08� 0.03b

After P2 2.81� 1.04 1.83� 0.93 1.47� 0.43 0.40� 0.21b 0.19� 0.11b 0.44� 0.31b

D CI mRNA
After P1 1.82� 0.13 2.91� 1.04 2.16� 0.60 0.69� 0.22b 17.97� 0.57c 7.86� 2.22b

After P2 2.46� 1.37 3.45� 0.19 3.87� 1.15 1.32� 0.25 31.72� 5.22c 7.25� 2.42b

E Ver mRNA
After P1 0.01� 0.00 0.01� 0.00 0.02� 0.01 0.04� 0.01b 0.08� 0.01b 0.14� 0.05b

After P2 0.02� 0.01 0.01� 0.00 0.02� 0.01 0.06� 0.02b 0.06� 0.02b 0.11� 0.04b

aSee the Methods section for de®nition of abbreviations.
bStatistically signi®cant difference from the CTR expansion condition.
cStatistically signi®cant difference from all other expansion conditions.

Fig. 1. Comparative morphology of chondrocytes cultured for
1 week in CTR medium (A) or in the presence of FGF-2/TGFb
(B). Chondrocytes expanded in CTR medium retained a rounded
morphology, whereas FGF-2/TGFb-expanded cells appeared
more elongated and ®broblast-like. Scale bar = 100 mm.
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different culture medium compositions. After 2
weeks cultivation in a serum-supplemented me-
dium (SSM), CII/CI and Agg/Ver mRNA ratios
were highest in pellets based on CTR expanded
chondrocytes (Table IIA,B). However, ratios
were not signi®cantly different from those mea-
sured in P2 cells, before they were transferred
into the 3D environment (Table IB,C), indicat-
ing that a real redifferentiation did not occur.
CII/CI ratios signi®cantly increased during the
3D culture phase only in pellets based on FGF-2/
TGFb-expanded chondrocytes (Tables IB and
IIA). Pellets cultured in serum-free medium
(SFM) had generally higher CII/CI levels than
those cultured in SSM, unless chondrocytes
were previously cultured in FGF-2/TGFb sup-
plemented medium (Table IIA). Agg/Ver ratios
in pellets cultured in SFM were comparable to
those of SSM cultures, except for pellets based
on FGF-2-expanded chondrocytes, which dis-
played signi®cantly increased values (Table
IIB). Upon supplementation of the SFM with
TGFb (SFM T), CII/CI ratios were not affected
in pellets based on CTR, FGF-2 and TGFb
expanded chondrocytes, signi®cantly decreased
in pellets based on EGF- and PDGFbb-
expanded cells, and signi®cantly increased in
pellets based on FGF-2/TGFb expanded chon-
drocytes (Table IIA). Agg/Ver ratios decreased
by supplementation of SFM with TGFb, unless
cells were previously expanded with FGF-2/
TGFb (Table IIB). Further supplementation of
dexamethasone to the SFM T (SFM TD)

signi®cantly increased the CII/CI and Agg/Ver
ratios only in pellets based on cells expanded
with FGF-2/TGFb (Table IIA,B). Cells expan-
ded with FGF-2/TGFb and cultured as pellets in
SFM TD displayed the highest CII/CI and Agg/
Ver ratios of all groups (respectively, 1.8- and
28.1-fold higher than in the corresponding CTR
group) and expressed the largest amounts of
collagen type II and aggrecan genes (respec-
tively, 3.3- and 10.3-fold higher than in the
corresponding CTR group) (Table IIC,D). Sup-
plementation of SFM with dexamethasone
without TGFb did not result in changes in the
CII/CI and Agg/Ver mRNA ratios in pellets
based on FGF-2/TGFb expanded cells (data not
shown). The expression of collagen type X gene
at the mRNA level was negligible in all pellets,
and did not appear to be modulated by the
culture medium composition.

The GAG/DNA content of selected pellets
after 2 weeks culture is presented in Figure 2.
Chondrocytes expanded in CTR and FGF-2/
TGFb medium and cultured as pellets in SSM
produced comparable, low amounts of GAG.
The GAG/DNA content was signi®cantly higher
when pellets were cultured in SFM TD than
when cultured in SSM, and was the highest if
pellets were based on FGF-2/TGFb-expanded
chondrocytes. Pellets cultured in SSM appeared
histologically as clusters of elongated cells,
without deposition of cartilaginous extracellu-
lar matrix (Fig. 3A,B). Pellets based on CTR
expanded cells and cultured in SFM TD

TABLE II. Chondrocyte Differentiation in Pellet Culturesa

Expansion Condition
ÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐÐ
CTR EGF PDGFbb FGF-2 TGFb FGF-2/TGFb

A CII/CI mRNA ratio
Pellets in SSM 0.20� 0.16 0.03� 0.02 0.03� 0.01 0.08� 0.04 0.02� 0.01b 0.02� 0.01b

Pellets in SFM 0.49� 0.22 0.35� 0.18 0.48� 0.25b 0.46� 0.26 0.04� 0.02b 0.01� 0.00c

Pellets in SFM T 0.58� 0.32 0.07� 0.05b 0.05� 0.03b 0.39� 0.25 0.02� 0.01b 0.16� 0.04
Pellets in SFM TD 0.52� 0.23 0.08� 0.03b 0.11� 0.08b 0.45� 0.19 0.13� 0.04b 0.96� 0.10c

B Agg/Ver mRNA ratio
Pellets in SSM 4.88� 1.70c 0.91� 0.67b 1.09� 0.72b 1.03� 0.26b 1.37� 0.37b 0.69� 0.26b

Pellets in SFM 3.66� 2.13 0.78� 0.52 0.75� 0.39 5.02� 2.44 1.18� 0.72 0.26� 0.17b

Pellets in SFM T 0.31� 0.04 0.07� 0.03b 0.17� 0.06b 1.50� 1.12 0.20� 0.08 1.18� 0.79
Pellets in SFM TD 0.43� 0.13 0.19� 0.10 0.21� 0.12 2.09� 0.87b 0.38� 0.16 12.07� 1.83c

C CII mRNA
Pellets in SFM TD 7.59� 2.08 0.94� 0.07b 4.52� 1.60 4.52� 1.94 1.34� 0.73b 25.55� 3.00c

D Agg mRNA
Pellets in SFM TD 0.03� 0.02 0.01� 0.00 0.05� 0.02 0.25� 0.13b 0.18� 0.08b 0.31� 0.09b

aSee the Methods for de®nition of abbreviations.
bStatistically signi®cant difference from the CTR expansion condition.
cStatistically signi®cant difference from all other expansion conditions.
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displayed sparse foci of extracellular matrix
containing sulfated GAG, as assessed by safra-
nin O stain (Fig. 3C), and contained negligible
amounts of collagen type II, as assessed immu-
nohistochemically (Fig. 4A). Pellets based on
FGF-2/TGFb-expanded cells and cultured in
SFM TD accumulated a continuous extracellu-
lar matrix which was uniformly stained for
GAG (Fig. 3D) and type II collagen (Fig. 4B),
although signs of interterritorial matrix and cell
lacunae were still not evident.

DISCUSSION

In this paper, we demonstrated that the
conditions of expansion of human articular
chondrocytes can modulate the cell ability to
re-enter the differentiation program upon
transfer into a 3D environment. Moreover, we
showed that chondrocytes expanded in the
presence of FGF-2/TGFb displayed not only
the highest proliferation rate and the most
enhanced dedifferentiation in monolayers, but
also the highest capacity to redifferentiate and
generate a cartilaginous tissue in response to
TGFb and dexamethasone, supplemented dur-
ing the 3D culture in pellets.

The markers of differentiation used in this
study (i.e., CII/CI and Agg/Ver) have been
quanti®ed in monolayer and pellet cultures
using recently developed real-time PCR assays
[Martin et al., 2000]. Real-time PCR enables
quanti®cation of mRNA with a high accuracy,
reproducibility and sensitivity in a wide dyna-
mic range, without the need of post-PCR pro-
cessing [Gibson et al., 1996], and was essential
to reliably evaluate different combinations of
factors used during the expansion and rediffer-
entiation phases. The de®ned differentiation
characteristics at the mRNA level were in agree-
ment with those at the protein level, as assessed
in selected conditions using biochemical, histo-
logical, and immunohistochemical techniques.

The differential effects of several growth
factors on the proliferation and differentiation
of monolayer cultures of adult human articular
chondrocytes have been systematically quanti-
®ed during the ®rst and second passages of
expansion by measuring DNA amounts at
de®ned time intervals and by real-time PCR.
Our results support the concept that factors
stimulating the highest chondrocyte prolifera-
tion also induce the strongest cell dedifferen-
tiation. Furthermore, they provide evidence
that the proliferative/dedifferentiating effects
of FGF-2 and TGFb on human primary chon-
drocytes cultured in monolayers are additive, as
previously reported for avian [Horton et al.,
1989] and rodent [Bradham and Horton, 1998]
chondrocytes.

The redifferentiation potential of human
chondrocytes expanded with different growth
factors has been studied in 3D pellets using
different culture medium compositions. As
compared to a serum-supplemented medium
(SSM), the use of a de®ned serum-free medium
(SFM) supported a comparable extent of differ-
entiation in chondrocytes expanded in the CTR
medium, in agreement with previous reports
[Yaeger et al., 1997], but signi®cantly enhanced
the redifferentiation of chondrocytes expanded
with EGF, PDGFbb, or FGF-2. These results
could suggest the presence in serum of differ-
entiation inhibitors, only affecting cells ex-
panded in the presence of speci®c growth
factors. We also report that supplementation
of SFM with TGFb, alone or in combination with
dexamethasone, markedly increased the CII/CI
mRNA ratio of FGF-2/TGFb-expanded chon-
drocytes, but reduced that of EGF- and
PDGFbb-expanded cells. Taken together, our

Fig. 2. Glycosaminoglycan (GAG) content normalized to the
DNA amount of selected pellets. Pellets were based on
chondrocytes expanded in CTR medium (white bars) or in the
presence of FGF-2/TGFb (gray bars) and were cultured for 2
weeks in serum-supplemented medium (SSM) or in serum-free
medium supplemented with TGFb and dexamethasone (SFM
TD). An asterisk (*) indicates statistically signi®cant difference
from the pellets generated by the same cells and cultured in
SSM; an empty circle (�) indicates statistically signi®cant diffe-
rence from the pellets generated by CTR cells and cultured in
the same medium.

374 Jakob et al.



data demonstrate that the conditions of chon-
drocyte expansion in monolayers modulate at
the transcriptional level their commitment to
redifferentiation and their ability to respond to
regulatory molecules in a 3D environment.

The effects of TGFb on chondrocytes have
previously been proposed to depend on the
context in which the factor is provided [Trippel,
1995]. In particular, TGFbwas unable to induce
expression of chondrocytic markers in mono-
layer cultures [Galera et al., 1992], but had a
chondrogenic effect on chondrocytes cultured in
suspension [Harrison et al., 1992] and in
alginate gels [Yaeger et al., 1997]. Therefore, it
was postulated that the effects induced by TGFb
are related to the ability of cells to acquire a
spherical morphology during stimulation [Yae-
ger et al., 1997]. Our results indicating that
TGFb stimulates chondrocyte dedifferentiation
in monolayers and may induce cell redifferen-

tiation in pellet cultures are consistent with
the previously reported observations. However,
the fact that TGFb supplementation reduced
the CII/CI and Agg/Ver mRNA ratios of EGF-
and PDGFbb-expanded chondrocytes while it
increased the same differentiation markers in
cells expanded with FGF-2/TGFb suggests that
the effects of TGFb are also dependent on the
history of cell expansion and/or the stage of cell
differentiation.

Chondrocytes expanded in the presence of
FGF-2/TGFb displayed the lowest CII/CI ratios
after P1 and P2, but were able to reach the
highest differentiation levels and to generate
the best cartilaginous tissues when cultured in
3D pellets. Our ®ndings demonstrate that the
ef®ciency of chondrocyte redifferentiation is not
inversely proportional to the time the cells
remain dedifferentiated during expansion, as
previously proposed [Benya and Shaffer, 1982].

Fig. 3. Histological appearance of chondrocyte pellets.
Chondrocytes expanded in CTR medium (A,C) or in the
presence of FGF-2/TGFb (B,D) were cultured for 2 weeks in
serum-supplemented medium (SSM; A,B) or in serum-free
medium supplemented with TGFb and dexamethasone (SFM
TD; C, D) in the form of pellets. Sections were stained with
Safranin O for glycosaminoglycans (GAG). Pellets cultured in
SSM did not contain extracellular matrix (ECM) with detectable

amounts of GAG (A,B). Pellets cultured in SFM TD displayed
scattered areas of ECM containing GAG if based on chondro-
cytes expanded in CTR medium (C), and consisted of a
continuous ECM rich in GAG if based on chondrocytes
expanded with FGF-2/TGFb (D). Scale bar = 100 mm. [Color
®gure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

Differentiation of Human Chondrocytes 375



It will be interesting to test whether other
factors, possibly related to the cytoskeletal
organization [Martin et al., 1999] or to the
expression of speci®c adhesion molecules/sur-
face markers [Chimal-Monroy and Diaz, 1999],
are able to predict the redifferentiation poten-
tial of expanded chondrocytes. FGF-2/TGFb-
expanded chondrocytes redifferentiated only
if stimulated with TGFb and dexamethasone,
a medium composition previously shown to
induce chondrogenic differentiation of human
mesenchymal progenitor cells from the bone
marrow [Yoo et al., 1998]. It would be tempting
to speculate that medium supplementation
with the combination of FGF-2 and TGFb
during chondrocyte monolayer cultures sup-
ports the expansion of a cell lineage with similar
features to mesenchymal progenitor cells.
Under our experimental conditions, however,

FGF-2/TGFb-expanded chondrocytes did not
undergo hyperthrophy, as assessed by the
negligible expression of collagen type X. This
result is consistent with the hypothesis that the
chondrogenic potential of dedifferentiated
articular chondrocytes has distinct features
from that of bone marrow stromal cells, epiphy-
seal growth plate chondrocytes, or periosteal
cells [Binette et al., 1998].

Our study represents a relevant step toward
the engineering of autologous cartilaginous
grafts starting from small tissue biopsies, as
an extension of previous ®ndings based on calf
bovine chondrocytes [Martin et al., 1999].
Expansion of adult human articular chondro-
cytes with FGF-2/TGFb would allow not only
faster cell ampli®cation and/or reduction of the
required amount of donor tissue, but also better
maintainance of the cell ability to differentiate
and produce cartilage-speci®c extracellular
matrix in response to chondrogenic stimuli.
Studies are under way in our laboratory to
evaluate the potential of culture expanded
human chondrocytes to generate cartilaginous
tissues of prede®ned size and shape by using
appropriate regulatory molecules in conjunc-
tion with speci®c 3D structural templates.
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