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Abstract. We previously established a line of immortalized
normal human articular chondrocytes, IbpvaS5, expressing
the E6 and E7 transforming genes of the human papilloma
virus type 16. With this study we investigated the phenotypic
modulation ability of this cell line, cultured in different
conditions, with the aim of validating its use for studies on
cartilage metabolism and physiology. To this end, we
performed a quantitative analysis, using real-time PCR
technology, of the expression of the main structural com-
ponents of the cartilage matrix (collagens I, II and aggrecan),
of two transcription factors regulating chondrocyte differ-
entiation (Sox-9 and Egr-1) and of some enzymes involved in
matrix turnover (cathepsin B, MMP-1 and MMP-13). Results
showed that, under defined conditions, Ibpva55 cells were
able to re-express the chondrocyte phenotype that was lost in
a conventional monolayer condition, as demonstrated by an
up-regulation of collagen II, the main marker of hyaline
cartilage and Sox-9, a master gene regulator of chondrocytic
differ-entiation. The gene expression profile of our
immortalized cells compared with that of normal articular
chondrocytes showed that this line could be used as a valid in
vitro model for a better understanding of cell molecular
mechanisms relevant for the development of new therapeutic
approaches in rheumatic diseases and for the cartilage
engineering field.

Correspondence to: Dr Brunella Grigolo, Laboratorio di
Immunologia e Genetica, Istituto di Ricerca Codivilla Putti,
1.O.R.,Via di Barbiano 1/10, 40136 Bologna, Italy

E-mail: grigolob@alma.unibo.it

Key words: immortalized chondrocytes, serum-free culture,
hyaluronan-based scaffold

Introduction

The model of monolayer cultured chondrocytes has been
widely used to understand the mechanisms involved in
normal cartilage matrix turnover and cell differentiation and
how these may be perturbed in arthritic conditions (1-3).
However, detailed biochemical and molecular studies have
been hampered by a number of factors such as the scarce
availability of tissue and its weak cellularity. More
importantly, chondrocytes expanded in monolayer display a
high phenotypic instability and inherent heterogeneity within
cultures (4-8). It is well known that, starting from the first
passages after isolation, chondrocyte cells undergo a de-
differentiation process which involves significant changes in
their phenotype and results principally in the down-regulation
of collagen II and aggrecan and in the up-regulation of
collagens I and IIT expressed in prechondrogenic mesenchymal
cells (9-11). The use of chondrocytes of human origin is even
more difficult due to the higher variability of the specimens
(age and condition of patients) and the phenotypic liability of
the cells once they are in culture, besides a number of legal and
ethical problems.

In the last few years researchers have developed many
alternative in vitro systems which may allow chondrocyte
phenotype stabilization, such as alginate beads (12) pellet
cultures (13), the use of defined media (14), growth inside
three-dimensional scaffolds of different origin (15) and
mechanical stimulation with bioreactors (16). These in vitro
systems have been demonstrated to be effective in inducing the
re-acquiring of the chondrocyte phenotype and have revealed
a useful tool for researches on cartilage, but problems still
remain. Chondrocyte cells maintained under conditions that
enhance retention of the differentiated phenotype proliferate
slower (4) and, as all cultured cells, undergo a finite number of
doublings (17). To overcome these limitations, immortalized
chondrocytic cell lines have been created (18). Considering
the high liability of the chondrocyte phenotype, a real problem
with these cell lines is the maintaining of their differentiated
functions.

Recently, we developed a line of immortalized chondro-
cytes of human origin able to express the E6 and E7 trans-
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forming genes of the human papilloma virus type 16 (HPV-16)
(19). These cells that during the monolayer expansion had
lost their phenotypic pattern, were able to re-express cartilage
typical markers when cultured in a serum-free defined medium
and inside a hyaluronan-based biomaterial.

In order for a more in-depth investigation into the
phenotypic modulation ability of the lbpva55 immortalized
chondrocytes in these different culture conditions, we
performed a quantitative gene expression analysis by means
of real-time PCR technology. The genes evaluated were the
main structural components of cartilage matrix (collagens I, II
and aggrecan), two transcription factors regulating chondrocyte
differentiation processes (Sox-9 and Egr-1) and some enzymes
involved in matrix turn-over (Cathepsin B, MMP-1 and
MMP-13). The presence of the main extra-cellular matrix
molecules of cartilage was evaluated also by immunohisto-
chemistry.

The data obtained with this study shed important light on
our understanding of the biology of chondrocyte cells. The
cell line that we developed could be a useful model system
for studying both the metabolism of chondrocytes and their
behaviour in a three-dimensional configuration which is
known to modulate their phenotype.

Materials and methods

Cell line. The immortalized line of normal human articular
chondrocytes (Ibpva55) was established as previously
described (19). Briefly, chondrocytes isolated from a multi-
organ donor articular cartilage were transfected at p=0 with a
plasmid carrying the HPV-16 E6 and E7 transforming genes,
with a liposome-mediated procedure. The line was developed
by selecting cells for their ability to escape senescence during
their expansion in monolayer.

Monolayer culture and sample preparation. The lbpva55
cells (passages 60-65), seeded at high density (2x10° cells/cm?),
were cultured in Dulbecco's modified Eagle's medium
(DMEM) (Gibco BRL, Grand Island, NY, USA) with 25 mM
HEPES (Sigma, St. Louis, MO, USA), 100 units/ml
penicillin (Biological Industries, Israel), 100 yg/ml
streptomycin (Biological Industries), 50 xg/ml gentamicin
(Flow Laboratories, Biaggio, Switzerland), supplemented
with 20% foetal bovine serum (FBS) (Gibco) in flasks
(Costar®, Cambridge, MA, USA), at 37°C in a humidified
atmosphere of 5% CO,. The medium was changed twice a
week. At confluence, cells were trypsinized, counted by
eosin exclusion dye and pelleted for real-time PCR analysis
or cultured in a serum-free defined medium for fourteen
days. The cells were then processed for real-time PCR or
grown onto a hyaluronan-based biomaterial for thirty days and
then analyzed by real-time PCR technology and immuno-
histochemistry. Culture times of fourteen, thirty and sixty
days were chosen on the basis of previous experiments
performed by our group with this immortalized line and with
normal articular chondrocytes (20). For each culture condition
experiments were performed in triplicate.

Serum-free conditions. Confluent monolayer lbpvaS5 cells
(DMEM supplemented with FBS 20%, passages 60-65) were

trypsinized, plated in DMEM with 10% FCS and incubated at
37°C for one day. The monolayer was rinsed with Dulbecco's
Ca?*- and Mg?*-free phosphate-buffered saline (PBS) to
remove serum and incubated with DMEM supplemented with
1% Nutridoma-SP (Boehringer Mannheim Biochemicals,
Indianapolis, IN, USA), a serum substitute containing
insuline. Serum-free cultures were incubated for fourteen
days; during this period the medium was changed twice a
week and the cells were split once after eight days. At day
fourteen cells were harvested and pellets processed for real-
time PRC analysis.

Seeding on biomaterial. The biomaterial used as a scaffold
for three-dimensional cell growth was a hyaluronan-based
biopolymer termed HY AFF®-11 and obtained from F.A.B.
S.rl. (FIDIA Advanced Biopolymers, Abano Terme, Italy).
Immortalized lbpva55 chondrocytes under conventional
monolayer culture (passages 60-65) were trypsinized and
seeded onto two lcm?> HYAFF-11 non-woven meshes at a
density of 1x10°¢ each, in 150 pl of culture medium in Petri
dishes (Becton-Dickinson, Plymouth, UK). The cells were
allowed to adhere for 8 h at 37°C and then 2 ml of DMEM
with 10% FBS was added. Ascorbic acid (50 pg/ml) was
added daily only to the engineered scaffold that underwent
histological staining. The medium was changed twice a
week. After thirty days the scaffolds were collected and one
was processed for real-time PCR, while the other was used
for immunohistochemical analyses.

Real-time PRC analysis. The lbpva55 cells (5x10°) (passages
60-65) cultured on a monolayer with DMEM supplemented
with 20% FCS and with medium containing 1% Nutridoma-
SP for fourteen days were trypsinized, pelleted and lysed in
0.5 ml of RNAWIZ™ reagent (Ambion, Austin, TX, USA).
HYAFF-11 scaffolds with seeded immortalized chondrocytes
were collected after thirty days, placed in microcon 100
filtration devices and centrifuged at 1500 x g for 5 min in order
to remove the liquid medium. Cells were lysed directly in the
culture scaffold by the addition of 0.5 ml of RNAWIZ
reagent.

Total RNA was subsequently isolated from the samples
using the single-step guanidinium thiocyanate-phenol-
chloroform method. Complementary DNA was synthesized
from 1 pg of total RNA per sample with 45-min incubation
at 42°C, using Moloney Murine leukemia virus reverse tran-
scriptase (Perkin Elmer, Norwalk, CT, USA) and oligo-(dT)
priming. PCR primers for aggrecan and for the housekeeping
gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
used as endogenous control, were obtained from published
references (21,22). PCR primers for cathepsin B, collagens I
and II, Egr-1, MMP-1, MMP-13 and Sox-9, were designed by
our group (23-25).

Real-time PCR was run in a LightCycler instrument
(Roche Molecular Biochemicals, Mannheim, Germany)
using the QuantiTect™ SYBR®-Green PCR kit (Qiagen,
GmbH, Germany). Cycling parameters were: 15 min at 94°C
(initial activation of HotStarTaq™ DNA polymerase) followed
by 45 cycles of 15 sec at 94°C, 20 sec at 56°C/58°C/60°C
(depending on primer pair) and 10 sec at 72°C. The increase
in PCR product was monitored for each amplification cycle
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cycle (Cq) values (i.e. the cycle numbers at which the
detected fluorescence reaches a threshold value in the range
of exponential amplification) were determined for each
sample and specificity of the amplicons was confirmed by
melting curve analysis and agarose gel electrophoresis. To
analyze data from real-time PCR we used the ‘comparative C;
method’ previously described by Livak (26). As a relative
quantification method, it relates the PCR signal of each target
gene obtained in the samples (or sample groups) to that of a
reference control (or reference control group) using the
formula 2-24€T_ In this case the monolayer cultured
immortalized lbpva55 cells were considered the control
group and the cells cultured in serum-free conditions for
fourteen days and grown inside the HYAFF-11 biomaterial
for thirty days were the sample groups. For each sample, AC;
represents the difference between C; of each target gene and
the internal control gene (GAPDH). For each specific gene
AAC; represents the difference between AC; of the different
samples and the control. For each control sample AAC=0
and 2°=1, by definition. Using this method, the data are
presented as differences in gene expression (relative gene
expression) normalized to an endogenous reference gene and
relative to a control group.

Statistical analysis. Statistical computations were performed
using CSS Statistica-Statistical software (Statsoft Inc. Tulsa,
OK, USA). All values were expressed as the mean =+ standard
deviation (SD). Quantitative parameters were compared by
means of the Wilcoxon matched pairs non-parametric test.
Differences were considered as significant when p<0.05.

Immunohistochemistry. For immunohistochemical analysis
the following primary antibodies were used: mouse monoclonal
anti-human collagen type I (Chemicon International, Temecula,
CA, USA), mouse monoclonal anti human collagen type 11
(Chemicon International), mouse monoclonal anti-human
proteoglycans (Chemicon International) and goat affinity
purified polyclonal anti-human cathepsin B (Santa Cruz
Biotechnology, Inc.). HYAFF-11 engineered scaffolds were
embedded in OCT and snap-frozen in liquid nitrogen. The
specimens were then sectioned into 5-ym sections, air dried
and stored at -80°C. At analysis the slides were transferred at
room temperature, air dried for 15 min and fixed in
methanol/acetone at 4°C for 20 and 10 min respectively. Air-
dried fixed samples were rehydrated and, for epitope
unmasking, were treated with 0.1% hyaluronidase (Sigma) in
phosphate buffered saline (PBS) at 37°C for 5 min. After
washing, for the detection of type I and II collagens the slides
were incubated at room temperature for 30 min in X1 PBS
containing 5% normal goat serum (NGS) (Dako, Carpinteria,
CA, USA), while normal rabbit serum (NRS) (Dako) was
used for cathepsin B, to prevent non-specific binding. The
slides were incubated with anti-human collagen type I,
collagen type II, proteoglycans and cathepsin B, primary
antibodies diluted 1:20, 1:20, 1:50 and 1:200 respectively in
0.04 M Trizma base saline (TBS), pH 7.6, containing 1%
bovine serum albumin (BSA) and 0.1% Triton X-100 for 1 h
at room temperature. For the detection of type I and II
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Figure 1. Quantitative real-time PCR analysis of differential gene expression
levels of collagen I (A), collagen II (B) and aggrecan (C) in immortalized
chondrocytes (IbpvaS5 line) cultured in a conventional monolayer condition,
in serum-free cultures (14 days) and grown onto HYAFF-11 biomaterial (30
days). Results are reported as relative gene expression and calculated by the
formula 2-24°T, The 2-24CT value represents the difference between Cy of each
target gene and the internal control (GAPDH). The AAC; value for each
specific gene represents the difference between AC; values for all the
experimental times evaluated and the ACy value obtained on day 1. Using this
method, the AAC; value obtained on day 1 = zero and 2°=1, by definition.
Monolayer vs serum free, *p<0.05; serum free vs biomaterial, **p<0.05;
monolayer vs biomaterial, *#*p<0.05. Values are expressed as mean =+
standard deviation (SD).

collagens and proteoglycans slides were washed three times
with 0.04 M TBS, pH 7.6, and incubated with goat anti-
mouse and anti-rabbit immunoglobulins labelled with
dextran molecules-alkaline phosphatase (Dako) at room
temperature for 30 min. For cathepsin B immunostaining
anti-goat-biotin conjugated rabbit immunoglobulins (Pierce,
Rockford, IL, USA) diluted 1:200 in TBS 0.04 M, pH 7.6,
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Figure 2. Quantitative real-time PCR analysis of differential gene expression
levels of Sox-9 (A) and Egr-1 (B) in immortalized chondrocytes (Ibpva55
line) cultured in conventional monolayer condition, in serum-free cultures
(14 days) and grown onto HYAFF-11 biomaterial (30 days). Results are
reported as relative gene expression and calculated by the formula 2-44¢T,
The AC; value represents the difference between Cy of each target gene and
the internal control (GAPDH). The AAC; value for each specific gene
represents the difference between AC; values for all the experimental times
evaluated and the AC; value obtained on day 1. Using this method, the AAC

value obtained on day 1 = zero and 2°=1, by definition. Monolayer vs serum
free, *p<0.05; serum free vs biomaterial, **p<0.05; monolayer vs
biomaterial, *##p<0.05. Values are expressed as mean + standard deviation
(SD).

were used and a further incubation of 1 h at room temperature
with a streptavidin-alkaline phosphatase conjugate (Boehringer)
was also performed. After three washes with 0.04 M TBS,
pH 7.6, the reactions were developed using a new fucsin kit
(kit new fucsin substrate system, Dako) in the presence of 5 mM
levamisole (Sigma) to block endogenous alkaline phosphatase.
Negative controls were performed by omitting the primary
antibody. Slides were counterstained with hematoxylin and
mounted in glycerol gel. All the samples were analysed using
a Zeiss axioscope microscope (Carl Zeiss, Oberkochen,
Germany).

Results

Real-time PCR analysis. Real-time PCR results, calculated
using the AC; method as described in Materials and methods,
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Figure 3. Quantitative real-time PCR analysis of differential gene expression
levels of cathepsin B (A), MMP-1 (B) and MMP-13 (C) in immortalized
chondrocytes (Ibpva55 line) cultured in conventional monolayer condition,
in serum-free cultures (14 days) and grown onto HY AFF-11 biomaterial (30
days). Results are reported as relative gene expression and calculated by the
formula 2-24€T, The AC; value represents the difference between Cy of each
target gene and the internal control (GAPDH). The AAC; value for each
specific gene represents the difference between AC; values for all the
experimental times evaluated and the AC; value obtained on day 1. Using
this method, the AAC; value obtained on day 1 = zero and 2°=1, by definition.
Monolayer vs serum free, *p<0.05; serum free vs biomaterial, *#p<0.05;
monolayer vs biomaterial, *#*p<0.05. Values are expressed as mean =+
standard deviation (SD).

and evaluted as relative gene expression, are shown in Figs. 1-3.
Collagen I mRNA was detected in all the culture conditions
evaluated. Its expression showed a significant increase in the
chondrocytes cultured under serum-free conditions in
comparison to the cells expanded in monolayer (6.6-fold) and
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Figure 4. Collagen II (lef upper panel), collagen I (right upper panel), proteoglycans (left lower panel) and cathepsin B (right lower panel) immunostaining of
immortalized chondrocytes (Ibpva55) seeded on HYAFF-11 at day 60. All samples were developed using new fucsin (red, positive stain). HYAFF-11 fibers

are indicated with white arrows.

grown onto the biomaterial (5.1-fold). Values were slightly
higher (0.3 fold difference) for the HYAFF-11 engineered
cells compared to the monolayer condition (Fig. 1A).
Collagen I mRNA was undetectable in the monolayer cultured
chondrocytes. For this reason, the AC; analysis for this gene
was performed comparing only the serum-free and the scaffold
cultures. The results showed that, when the cells were
cultured in the two re-differentiating conditions tested, they
started to re-express collagen II mRNA and that its levels
were significantly higher (35.8-fold) for the HYAFF-11
cultures compared to the Nutridoma-SP ones (Fig. 1B).
Aggrecan mRNA was present in all the culture models studied.
In comparison with the monolayer cultured cells, it showed a
decrease that was significant (7-fold) in serum-free condition
and slight (1.2-fold) for the engineered scaffolds. Gene
expression levels were significantly lower in Nutridoma-SP
compared to the biomaterial cultures (5-fold) (Fig. 1C). Sox-
9 mRNA was expressed in the monolayer condition and
showed a significant increase both in the Nutridoma-SP (5.1-
fold) and in the HYAFF-11 (2.1-fold) cultures. Its values
were significantly higher (2.4-fold) in serum-free cultured
chondrocytes in comparison with the engineered ones (Fig.
2A). Egr-1 expression significantly decreased in serum-free
conditions (3.4-fold) and in the engineered scaffolds (16.6-

fold) in comparison with the monolayer cultured chondrocytes.
Values were significantly higher (4.8-fold) for the cells
cultured with Nutridoma-SP compared to the ones grown
inside the biomaterial (Fig. 2B). Cathepsin B, MMP-1 and
MMP-13 mRNAs were detected in all the experimental
conditions evaluated (Fig. 3A, B and C, respectively). Their
expression was significantly higher in the serum-free cultures
both in comparison with the monolayer ones (2.4-, 125- and
6.6-fold, respectively) and with the HYAFF-11 engineered
chondrocytes (3.2-, 16.8- and 55-fold, respectively). For the
cells cultured onto the biomaterial values were lower for
cathepsin B (1.3-fold), significantly lower (8.3-fold) for
MMP-13 and significantly higher for MMP-1 (7.4-fold), in
comparison with the monolayer cultures.

Immunohistochemical analysis. To verify the re-acquisition
of the chondrocyte phenotype in the immortalized engineered
scaffolds, the production of collagens II and I, proteoglycans
and cathepsin B was evaluated by immunohistochemistry
(Fig. 4). The analyses, performed after thirty days of culture,
showed a strong positivity for collagen type II, while collagen
type I was completely undetectable. The occurrence of a re-
differentiation process was also confirmed by an evident matrix
staining for proteoglycans and a weak positivity for cathepsin B.
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Discussion

Studies with articular chondrocytes have been hampered by
the high instability of the cartilage-specific phenotype when
cells are cultured in monolayer (4-8). Among the various
directions that have been explored to overcome this
limitation, the generation of stable lines of immortalized
chondrocytes is becoming more and more a reality, due also
to improvements in the transformation protocols which have
allowed the creation of immortalized cells from pathologic
tissue (18).

We previously established a line of immortalized normal
human articular chondrocytes, Ibpva55, expressing the E6
and E7 transforming genes of the HPV-16 (19). These cells
lost their phenotypic pattern during the monolayer expansion,
but demonstrated the ability to re-express the main cartilage
markers when cultured in a serum-free defined medium and
inside a three-dimensional scaffold, two culture models
which were known to allow chondrocyte re-differentiation
(14,15). In fact, we chose a serum substitute already used for
immortalized chondrocytes (27) and containing insulin which
may replace insulin-like growth factor-I (IGF-I), an anabolic
growth factor involved in the maintenance of articular
cartilage phenotypic expression (28,29). As a scaffold for the
cells we chose a hyaluronan-based three-dimensional
biomaterial, HY AFF-11, which had been previously used by
our group for chondrocyte transplantation in rabbits (30) and
tested for its ability to allow the in vitro re-differentiation of
normal human cartilage cells (20). The clinical use of this
scaffold in the autologous chondrocyte transplantation
procedure for the repair of cartilage defects in humans is well
documented (31,32).

In order to investigate the phenotypic modulation ability
of the immortalized chondrocytes in more depth, we
performed a quantitative real-time PCR analysis which
allowed the quantification of the differences in gene expression
between the cells cultured in monolayer and in these two re-
differentiating conditions.

The results of the present study indicate that HYAFF-11
is more suitable in inducing the re-differentiation process in
accordance with those obtained by our group with the same
biomaterial seeded with normal human articular chondro-
cytes (20). This is confirmed by the expression of cartilage
markers and by the presence of specific transcription factors
such as Sox-9 and Egr-1 which are known to be involved in
the modulation of chondrocyte phenotypic gene expression.
Sox-9 is a member of the family of Sox (Sry-type high-
mobility group box transcription factor) genes and contains a
high mobility group DNA-binding domain (33). It has been
demonstrated to play an essential role in the commitment of
mesenchymal cells to the chondrogenic lineage and in the
process of chondrocyte differentiation. Its presence is
required for the expression of a series of chondrocyte-
specific marker genes including collagen II and aggrecan
(34). However, its role has not been throughly clarified
(35). What was surprising for us was that Sox-9 mRNA
levels were higher in the Nutridoma-SP cultures than in the
HYAFF-11 cultures where collagen II and aggrecan levels
were significantly greater. A lack of positive correlation
between Sox-9 and collagen II expression has been already

demonstrated in adult human articular chondrocytes (37).
Moreover, some authors (36) found that the overexpression
of Sox-9 induces an inhibition of collagen II in rabbit
articular chondrocytes. The early growth response (Egr-1)
transcription factor belongs to the class of immediate early
genes (35). It is a serum-inducible zinc finger protein that has
been demonstrated to be crucial in the regulation of growth
factors, hormones, cytokines and adhesion molecules (38). It
has been shown that Egr-1 is highly expressed in primary
human articular chondrocytes (39) and lower expression
levels have been found in osteoarthritic cartilage (40).
However, the role of Egr-1 remains controversial, since it can
act both as a transcriptional activator and as a suppressor (38)
and target genes in chondrocyte differentiation have not been
well identified. Egr-1 has been suggested to serve as a
transcriptional suppressor for collagen II by preventing
interactions between Spl and the transcriptional machinery
(41). This finding is in accordance with our results: higher
levels in the monolayer cultures where no collagen II
expression was detected and decreased levels both in the
serum-free and in the scaffold cultures, thus confirming a re-
activation of the transcriptional mechanisms involved in
chondrocyte differentiation. Moreover, since it is known that
Egr-1 is transiently induced by serum (42), the higher levels
observed in the immortalized chondrocytes cultured in
monolayer are likely to be due to the presence of 20% FBS in
the medium. In fact, these levels decreased in the scaffold
cultures where FBS was present at a 10% concentration and
in serum-free conditions where serum was completely
depleted. However, mRNA levels were significantly higher
in the Nutridoma-SP cultures compared with the HYAFF-11
cultures. This could be attributed to the reported ability of
insulin to induce Egr-1 expression (43).

Finally, we analyzed the expression of two cartilage
matrix metalloproteinases (MMPs), fibroblast collagenase
(MMP-1) and collagenase 3 (MMP-13), which are members
of a large family of proteinases that have several structural
features in common, including the presence of a conserved
zinc-binding catalytic domain (44). In particular, MMP-1
and -13 which are able to degrade native triple-helical collagen
by cleaving at the collagenase site, have been demonstrated
to play a major pathological role in the cartilage destruction
of osteoarthritis (45). We found that the gene expression
levels of the two MMPs were detectable in all the culture
conditions evaluated, as already observed in vitro for both
normal and immortalized human articular chondrocytes
(46,47). A significant up-regulation was observed in the
Nutridoma-SP cultures, while the engineered cells displayed
lower levels. The ability of the hyaluronan-based HY AFF-11
scaffold to reduce the expression of molecules involved in
cartilage degeneration in normal human articular
chondrocytes has been already demonstrated by our group
(25). It seems that the lbpva55 cells also benefit from the
presence of the hyaluronan molecule that operates on
chondrocyte metabolism activating anabolic pathways (48).

Since our experiments were performed under static
conditions, further studies need to be conducted in a
mechanically active environment such as a bioreactor.
Bioreactors have become an important tool for tissue
engineering as they provide both the technological means to
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ensional environment, and the potential to improve

the quality of engineered tissues (49). Particularly, it would
be interesting to evaluate of the differences in gene
expression of immortalized human chondrocyte cells under
different physical stimula.
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