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Abstract. The main goal of cartilage repair is to create
functional tissue by enhancing the in vitro conditions to more
physiological in vivo conditions. Chondrogenic growth factors
play an important role in influencing cartilage homeostasis.
Insulin-like growth factor (IGF)-1 and transforming growth
factor (TGF)-p1 affect the expression of collagen type IT (Col2)
and glycosaminoglycans (GAGs) and, therefore, the targeted use
of growth factors could make chondrogenic redifferentiation
more efficient. In the present study, human chondrocytes
were postmortally isolated from healthy articular cartilage
and cultivated as monolayer or 3D pellet cultures either
under normoxia or hypoxia and stimulated with IGF-1 and/or
TGF-f1 to compare the impact of the different growth factors.
The mRNA levels of the specific receptors (IGFIR, TGFBRI,
TGFBR?2) were analyzed at different time points. Moreover,
gene expression rates of collagen type 1 and 2 in pellet
cultures were observed over a period of 5 weeks. Additionally,
hyaline-like Col2 protein and sulphated GAG (sGAG) levels
were quantified. Stimulation with IGF-1 resulted in an enhanced
expression of IGFIR and TGFBR2 whereas TGF-31 stimulated
TGFBRI in the monolayer and pellet cultures. In monolayer,
the differences reached levels of significance. This effect was
more pronounced under hypoxic culture conditions. In pellet
cultures, increased amounts of Col2 protein and sGAGs after
incubation with TGF-B1 and/or IGF-1 were validated. In
summary, constructing a gene expression profile regarding
mRNA levels of specific growth factor receptors in monolayer
cultures could be helpful for a targeted application of growth
factors in cartilage tissue engineering.
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Introduction

Human articular cartilage tissue is characterized by a rich
extracellular matrix (ECM) and a low cell density. The few
chondrocytes are embedded in the ECM which is produced
and retained by the former (1). Characteristic components of
the ECM are collagen fibrils of collagen type II (Col2) and
the proteoglycans aggrecan and chondroitin sulphate, and
sulphated glycosaminoglycans (sGAG) (2).

Control of the chondrocytic phenotype within the
physiological microenvironment is the main challenge in
cartilage tissue engineering and cartilage repair (3). A current
strategy in orthopedic surgery is autologous chondrocyte
transplantation (ACT) and its advancements. In this two-step
procedure, chondrocytic cells are isolated from an unaffected
part of the patient's articular knee, expanded in monolayer
cell culture, and finally implanted in the cartilage lesion. The
implantation of the autologous cells can be carried out either
with biomaterial constructs, or as suspension or 3D spheroid
cultures without the use of biomaterials. For the phenotypical
appearance and function of chondrocytes, the microenvironment
of the cartilage tissue is substantial (4). Although the technique
of ACT opens up new regenerative opportunities, this
therapeutic approach is limited by the availability of unaffected
cells (5) as well as their dedifferentiation potential to fibroblasts
during in vitro expansion. This dedifferentiation process is
characterized by an increased expression of characteristically
fibrogenous proteins such as type I collagen (Coll) whereas
cartilage-specific markers, such as collagen types II, XI, IX
and proteoglycans like aggrecan (ACAN) are decreased (6,7).
Fibroblastic cells are not capable to assemble an ECM which
resists the mechanical forces within the joint.

An enhanced approximation of in vitro conditions
to physiological conditions, such as culturing in 3D or
reduced oxygen condition appears to promote the process of
redifferentiation of the cells into a cartilaginous phenotype (3,8).
For this reason, the further development of the in vitro
cultivation of chondrocytic cells in 3D could be beneficial, since
spheroid cultures should sustain the chondrocytic phenotype
during the process of ACT (9). Nevertheless, the balance
between production and availability of essential growth factors
for cartilage formation should not be neglected. Since growth
factors are stored in the ECM and are released under specific
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conditions to regulate cellular behaviour (10), the isolation of
chondrocytic cells from their natural environment reduces the
availability of these growth factors. Exogenous growth factors
are able to induce the formation of cartilage-like tissue (7,11).
Therefore, knowledge concerning the interaction of specific
growth factors for cartilage regeneration is a prerequisite for
high-quality hyaline cartilage.

Chondrogenic growth factors such as the insulin-like
growth factor (IGF)-1 and transforming growth factor
(TGF)-f1 are able to influence the expression of Col2 and
GAGs within the cartilage tissue and thus influence chondro-
genic redifferentiation (12). IGF-1 is an important anabolic
factor for the stimulation of chondrocyte proliferation and
matrix synthesis (13-15). Its activity is mediated via membra-
nous IGF-1 receptors (IGFR1) (16).

TGF-B1 is known to be an important stimulator of proteo-
glycans and Col2 synthesis in chondrocytes (17-19) and is able
to induce the chondrogenic differentiation of mesenchymal
stem cells in vitro (8). Effects emerging from TGF-f1 are
carried out via TGF-p receptors existing as homodimeric or
heterodimeric isoforms. Signals are transmitted by forming
complexes consisting of dimers of TGF-f receptor 1 (TGFBRI)
and 2 (TGFBR?2) (20,21).

In previous studies, we showed that the addition of the
chondrogenic growth factors TGF-f1 and IGF-1 can influ-
ence chondrogenic redifferentiation in 3D cultures of alginate,
spheroid and matrix-associated cultures (22-24). Moreover,
we demonstrated that reduction of the oxygen content to more
physiological conditions (5%, hypoxia) improved the effects
of growth factors on the redifferentiation process, especially
for IGF-1 (22). In the present study, it was assumed that the
reduced IGF-1 activity in chondrocytes under normoxia
resulted from the enrichment of reactive oxygen species (22).
Nevertheless, we observed donor-specific reactions on growth
factor treatment, suggesting donor-specific expression profiles
of IGF-1 and TGF-f3 receptors on chondrocytic cells. Therefore,
the aim of the present study was to evaluate IGF-1 and TGF-3
receptor mRNA expression levels in human chondrocytes in
monolayer and 3D pellet cultures. A comparison of monolayer
and pellet cultures should clarify whether a gene expression
profile is suitable for therapeutic strategies and what type of
cultivation is more effective. Doing this, we hypothesized
that a targeted application of chondrogenic growth factors
could improve cartilage tissue engineering strategies to opti-
mize repair techniques such as ACT. Hence, we analyzed the
impact of IGF-1 and TGF-f1 as well as a combination of both
on the gene expression rates of collagen type I al (COLIAI),
type II (COL2A1), as well as alkaline phosphatase (ALP) and
collagen type X ol (COLI0AI) as hypertrophic markers in
pellet cultures over a period of 5 weeks. Additionally, amounts
of Col2 protein as well as GAGs were quantified. We also
examined the reduction of the oxygen content during cultiva-
tion with respect to the effect of different growth factors on
chondrogenic cell behaviour.

Materials and methods
Isolation and cultivation of human chondrocytes. Human

primary chondrocytes (female: n=3, age 36-44 years; male:
n=2, age 44-47 years) were isolated post mortem from unaf-

Table I. Three different growth factor combinations in the cell
medium.

Combination I Combination 2 Combination 3

TGF-p1 50 ng/ml -
IGF-1 - 50 ng/ml

50 ng/ml
50 ng/ml

TGF-B1, transforming growth factor-p1; IGF-1, insulin-like growth
factor-1.

fected articular knee cartilage within 24 h to 6 days of death.
All tissues did not show any signs of osteoarthritis or degen-
eration which was examined macroscopically. Isolation of cells
was performed as described in the protocol of Jonitz er al (22).
Cells were separated into two groups: i) hypoxia (5% O,) and
ii) normoxia (21% O,) and incubated in a humidified atmo-
sphere at 37°C in 5% CO,. The tissue removal was approved by
the Local Ethics Committee (registration no. A2011-138).

Stimulation of monolayer culture with chondrogenic growth
factors. In passage three, chondrocytes were transferred to
48-well plates with 10,000 cells/well in Dulbecco's modified
Eagle's medium (DMEM) containing 10% fetal calf serum
(FCS), 1% penicillin/streptomycin, 1% amphotericin B (all
from Invitrogen, Darmstadt, Germany) and ascorbic acid (final
concentration, 50 pg/ml; Sigma, St. Louis, MO, USA).

After 24 h of adherence under the described condi-
tions (normoxia and hypoxia), the medium was replaced by
serum-free medium containing ascorbic acid (final concentra-
tion: 50 ug/ml; Sigma), dexamethasone (final concentration,
100 nM; Sigma), ITS™ (complete medium and ITS™ in a
100:1 ratio; Becton-Dickinson, Heidelberg, Germany) and chon-
drogenic growth factors, IGF-1 (R&D Systems, Wiesbaden,
Germany) and/or TGF-f1 (Tebu-Bio, Offenbach, Germany)
in three different combinations (Table I). The chosen growth
factor concentrations are based on previous studies (22-24).
The stimulation was performed in duplicates, at 37°C in a
humidified atmosphere of 5% CO, and the appropriate oxygen
concentration for 24, 48 and 72 h, respectively. The beginning
of the chondrogenic stimulation was defined as time point 0.

Stimulation of pellet culture with chondrogenic growth
factors. From 3 of the 5 donors, the stimulation was addition-
ally performed as 3D pellet cultures. For pellet formation,
5x10* cells/well (passage three) were transferred into 96-well
V-bottom suspension-plates suspended in the same three
medium combinations as mentioned above (Table I). After
centrifugation at 400 x g for 5 min for sedimentation, the
cells were incubated for 24, 48, 72 h as well as 14 and 35 days
under standard culture conditions and a 5 or 21% oxygen level,
respectively. The medium was changed every 2-3 days. For the
start point (named as 0) 5x10* cells suspended in serum-free
medium with ITS were used and the same pellet formatting
procedure was used as described above.

RNA extraction and cDNA synthesis. For RNA isolation, the
monolayer cells were directly lysed in the well. Pellet cultures
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Table II. cDNA primers for qPCR.

Sequence 5'-3'

Primer (forward and reverse)
ALP CATTGTGACCACCACGAGAG
CCATGATCACGTCAATGTCC
COLIAI ACGAAGACATCCCACCAATC
AGATCACGTCATCGCACAAC
COL2A1 AATGGTGGCTTCCATTTCAG
GTGATGTTCTGGGAGCCTTC
COLI0AI GAACTCCCAGCACGCAGAATC
AGTGGGCCTTTTATGCCTGT
IGFIR CGAGTGGAGAAATCTGCGGG
ACTCGGTAATGACCGTGAGC
TGFBRI TTCCAACTACTGGTTTACCATTGC
AATCTCTGCCTCACGGAACC
TGFBR2 GTCACTGACAACAACGGTGC
TCTTTCTCCATACAGCCACACAG
ACTB CTTCCTGGGCATGGAGTC
AGCACTGTGTTGGCGTACAG

ALP, alkaline phosphatase; COLIAI, collagen type al; COL2A1, col-
lagen type 2 al; COL10AI, collagen type 10 al; IGFIR, insulin-like
growth factor receptor 1; TGFBRI, transforming growth factor
receptor 1; TGFBR2, transforming growth factor receptor 2; ACTB,
[B-actin.

were transferred with lysis buffer into 2 ml homogenisa-
tion tubes containing small steel beads (Precellys-Steel kit,
2.8 mm; PeqLab Biotechnology GmbH, Erlangen, Germany)
and homogenized for 30 sec at 5,000 x g.

Isolation of RNA was performed using the peqGOLD
Total RNA kit (PeqLab Biotechnology GmbH) which relies on
the principle of column purification of RNA probes according
to the supplier's recommendations.

For cDNA synthesis, the High Capacity cDNA kit (Applied
Biosystems, Foster City, CA, USA) was used. An amount of
10 ng isolated RNA of each sample was used and operated
according to the manufacturer's instructions.

Quantitative (real-time) PCR (gPCR). Relative quantification
of target cDNA levels was performed by qPCR (qTower 2.0;
Analytik Jena AG, Jena, Germany) using the InnuMIX qPCR
MasterMix SyGreen (Analytik Jena AG) and the cDNA
primers (Sigma-Aldrich) which are listed in Table II. PCR was
performed following the manufacturer's instructions under-
going the following process: 95°C for 2 min, 40 cycles of 95°C
for 5 sec and 65°C for 25 sec. The reactions were performed
as duplicates.

For further analyses the AACq method was applied. The
relative expression of each mRNA compared to the house-
keeper [-actin was calculated according to the equation:
Acq = thargel - Cq/i-acrin'

The relative amount of target mRNA at each time point
(24, 48,72 h and at 14 and 35 days) was normalized to the
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mRNA level of unstimulated cells at time point 0 using the
equation AACqimutation = ACGgene - ACQeonor- The resulting
gene expression is presented as the 2°24% value.

The gene expression of the following chondrogenic marker
genes was analyzed: COLIAI and COL2A1, IGF-1-receptor
(IGFIR), TGF-B-receptor 1 and 2 (TGFBRI/TGFBR2).
Furthermore, gene expression of ALP and collagen type X al
(COLIOAI) was determined to detect cell hypertrophy. Each
gene was analyzed in duplicates.

Pro-Col2 quantification. Protein amounts of Col2 synthesized
by chondrocytic pellet cultures were analyzed using an ELISA
(Ibex Pharmaceuticals, Inc., Mont-Royal, QC, Canada). The
principal of the ELISA is based on the cleavage of the carboxy
propeptides of newly formed collagen which were measured
in the supernatant of pellet cultures. Hence, supernatants of
every medium combination from pellet cultures were collected
after 24, 48, 72 h as well as after 14 and 35 days of incubation
and stored at -20°C. The ELISA was performed according to
the manufacturer's instructions. Absorbance was measured
at 450 nm using Opsys MR™ microplate reader (Dynex
Technologies, Denkendorf, Germany). The content of Col2 was
normalized to the total protein content (ng Col2/mg protein, ).

Total protein determination. Total protein content of the
collected supernatants was determined using the Qubit®
protein assay kit (Thermo Fisher Scientific, Waltham, MA,
USA) following the manufacturer's instructions manual.
Protein content was calculated using a defined standard curve.
The supernatants of each pellet culture at every time point were
collected and stored at -20°C. A cell-free medium combination
incubated for 3 days served as background control.

Blyscan™ GAG assay. The Blyscan™ assay (Biocolor
Ltd., Carrickfergus, Northern Ireland, UK) is a quantitative
dye-binding method used to measure sulfated proteoglycans
and GAGs. The supernatants of the stimulated pellet cultures
were collected after 24,48, 72 h as well as 14 and 35 days. After
papain digestion at 60°C overnight (20 units/mg papain from
papaya latex; Sigma-Aldrich) in 50 mM phosphate buffer [1 M
NaCl, 5 mM cystein-HCL, 1 mM EDTA (Merck Millipore,
Darmstadt, Germany)] the Blyscan™ assay was performed
according to the manufacturer's instructions. Absorbance
was measured at 656 nm using the Opsys microplate reader
(Dynex Technologies). The content of sGAG was normalized
to total protein content (g SGAG/mg protein,q,)-

Histology. For histological investigations, human chondrocytes
were cultured as pellet cultures and stimulated with TGF-f31
and/or IGF-1 either under normoxia or hypoxia. After 35 days
of incubation, the pellet cultures were embedded in Tissue-Tek®
O.CT™ compound, stored at -80°C and afterwards sectioned
to 7-10 pum slices using a Leica cryostat. Sections were directly
mounted on pretreated slides (Superfrost Plus; Menzel
Glaser, Braunschweig, Germany), air dried, and fixed in
acetone/methanol (1:2) at room temperature for 10 min. The
slices were analyzed using Heidenhain's AZAN trichrome
staining. The conventional dyes azocarmine G and aniline blue
were used providing red nuclei as well as blue collagen-rich
ECM and acid mucus substances.
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Figure 1. Expression of the IGF-1 receptor in (2D) monolayer and (3D) pellet cultures under (A) hypoxic and (B) normoxic culture conditions. Human chondro-
cytes were cultured as monolayer or pellet cultures and stimulated with TGF-f1 and/or IGF-1. After 24, 48 and 72 h, RNA was isolated and the gene expression
rate of the IGF-1 receptor was quantified using gPCR. Data in the diagrams (from monolayer cultures) are presented as box plots with median, interquartile
ranges and minimum/maximum values (n=5). Statistical analysis was conducted using the Wilcoxon signed rank test. “P<0.05, comparison between growth
factors; "P<0.05, comparison between time points; “P<0.05, comparison to the starting time point (0 h). Data in the tables in the bottom panels are presented as
the mean values + SEM from monolayer (2D, n=5) and pellet (3D, n=3) cultures. IGF-1, insulin-like growth factor-1; TGF-f1 transforming growth factor-f1.

Statistical analysis. Data in the diagrams are presented
as box plots. Boxes denote interquartile ranges, horizontal
lines within the boxes denote medians, and whiskers denote
minimum and maximum values (n=5). All statistical analyses
were performed using SPSS statistics 22 (IBM Deutschland,
Ehningen, Germany). Since all cultures of each specific donor
were obtained from the same starting cultures, measurements
could be estimated as repeated ones from a single sample.
Therefore, the statistical significance was calculated with the
Wilcoxon signed rank rest. P<0.05 was considered to indicate
a statistically significant difference.

Results

Gene expression rates of the IGF-1 receptor. In monolayer
cultures, the IGFIR gene was mainly expressed when chondro-
cytes were stimulated with IGF-1 alone. Here, the mRNA levels
after 72 h were significantly higher after IGF-1 stimulation
compared to TGF-f1 and/or IGF-1 stimulation under hypoxic
culture conditions (all: P=0.043) (Fig. 1A). Under normoxia,
significant differences between the sole stimulation with
TGF-B1 and IGF-1 were also detectable after 24 and 48 h (both:
P=0.043) (Fig. 1B).

Additionally, an increased expression level of IGFIR was
observed over time, which was more marked for the stimula-
tion with TGF-f1 and the combination of TGF-$1 and IGF-1.
Indeed, this can be shown by a significant increase under
normoxia and TGF-B1 stimulation from 24 to 72 h (P=0.043)
(Fig. 1). Furthermore, comparable tendencies in gene expres-
sion levels between monolayer and pellet cultures regarding
IGFIR expression were detected. Nevertheless, the resulting
differences were more decisive for cells cultured in monolayer.

This behaviour is exemplified by the mean values + SEM
presented in the tables below the diagrams (Fig. 1).

Gene expression rates of the TGF-f3- receptors. The expres-
sion of the TGFBRI gene was enhanced after stimulation with
TGF-1 alone or in combination with IGF-1. It was apparent that
the highest TGFBRI mRNA level was reached after 24 h with no
marked changes over time. Hence, under hypoxic conditions, the
expression levels were significantly enhanced in comparison to
the starting point for TGF-f1 and the combined stimulation (all:
P=0.043) (Fig. 2A). However, a significant difference between
the different growth factors was observed under normoxia for
TGF-p1 and IGF-1 stimulation after 24 h (P=0.043) (Fig. 2B).
Moreover, comparing mRNA levels of monolayer and pellet
cultures, similar patterns could be detected for the TGFBRI
gene expression profile, although differences in the expression
levels were more pronounced in the monolayer culture.
Regarding TGFBR2 gene expression, a notable increase
in the mRNA levels was observed under IGF-1-stimulation.
As in the same way observed for TGFBRI, TGFBR?2 reached
maximum expression levels already after 24 h, which did
not considerably change during further cultivation. Thus,
compared to the starting point, significantly enhanced expres-
sion levels for all measured time points were determined under
hypoxic conditions after IGF-1 stimulation (all: P=0.043).
Additionally, TGF-P1 stimulation resulted in significantly
enhanced expression levels after 72 h in comparison to the
starting point (P=0.043) (Fig. 3A). Under normoxic culture
onditions, TGFBR2 was significantly expressed at a higher
level under IGF-1 stimulation compared to the sole stimulation
with TGF-B1 at all measured time points and compared to the
combined stimulation TGF-p1 and IGF-1 after 24 and 48 h (all:
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Figure 2. Expression of the TGF-f3 receptor 1 in (2D) monolayer and p (3D) pellet cultures under (A) hypoxic and (B) normoxic culture conditions. Human
chondrocytes were cultured as monolayer or pellet cultures and stimulated with TGF-p1 and/or IGF-1. After 24, 48 and 72 h, RNA was isolated and the gene
expression rate of the TGF-f receptor 1 was quantified using gPCR. Data within the diagrams (from monolayer cultures) were presented as box plots with
median, interquartile ranges and minimum/maximum values (n=5). Statistical analysis was done using the Wilcoxon Signed Rank Test. "P<0.05, comparison
between growth factors; "P<0.05, comparison between time points; “P<0.05, comparison to the starting time point (0 h). Data in the tables in the bottom panels
are presented as the mean values + SEM from monolayer (2D, n=5) and pellet (3D, n=3) cultures. TGF-f31 transforming growth factor-§1; IGF-1, insulin-like
growth factor-1.
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Figure 3. Expression of the TGF-f3 receptor 2 in (2D) monolayer and (3D) pellet cultures under (A) hypoxic and (B) normoxic culture conditions. Human chondro-
cytes were cultured as monolayer or pellet cultures and stimulated with TGF-f1 and/or IGF-1. After 24,48 and 72 h, RNA was isolated and the gene expression rate
of the TGF-f receptor 2 was quantified using qPCR. Data in the diagrams (from monolayer cultures) are presented as box plots with median, interquartile ranges
and minimum/maximum values (n=>5). Statistical analysis was conducted using the Wilcoxon signed rank test. “P<0.05, comparison between growth factors;
P<0.05, comparison between time points; “P<0.05, comparison to the starting time point (0 h). Data in the tables in the bottom panels are presented as the mean
values + SEM from monolayer (2D, n=5) and pellet (3D, n=3) cultures. TGF-1 transforming growth factor-f31; IGF-1, insulin-like growth factor-1.

P=0.043) (Fig. 3B). Again, the gene expression levels between
monolayer and pellet cultures revealed comparable tendencies.

Overall, no significant differences in receptor gene
expression behaviour comparing monolayer and pellet culture
was determined. Characteristic gene expression profiles of
the growth factor receptors were determined in regards to

the applied growth factors, although the values were partially
widely scattered among the 5 donors. Moreover, it was
apparent that IGFIR showed an increase in mRNA levels
over time whereas both TGFBRs already reached maximum
expression levels after 24 h and remained almost constant
over time.
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Figure 4. Ratio of collagen type 2 and type 1 in monolayer (2D) and (3D) pellet cultures under (A) hypoxic and (B) normoxic culture conditions. Human
chondrocytes were cultured as monolayer or pellet cultures and stimulated with TGF-p1 and/or IGF-1. After 24, 48 and 72 h, RNA was isolated and the gene
expression rate of collagen type 2 and type 1 were quantified using qPCR. Data in the diagrams (from monolayer cultures) are presented as box plots with
median, interquartile ranges and minimum/maximum values (n=>5). Statistical analysis was conducted using the Wilcoxon signed rank test. “P<0.05, comparison
between growth factors; "P<0.05, comparison between time points; “P<0.05, comparison to the starting time point (0 h). Data in the tables in the bottom panels
are presented as the mean values + SEM from monolayer (2D, n=5) and pellet (3D, n=3) cultures. TGF-f1 transforming growth factor-p1; IGF-1, insulin-like

growth factor-1.

Gene expression of COLIAI and COL2A1. In order to analyze
the relation between COLIAI and COL2A1, and therefore the
quality of cartilogenous pellet cultures, COL2AIl/COLIAI
ratios were determined.

In most cases, we observed an increase in the ratio over
time. In general, the ratios for the monolayer cultures reached
higher values under stimulation with IGF-1 in comparison to
the stimulation with TGF-f1 or the combination of TGF-f1
and IGF-1. This was observed for both oxygen conditions.
Most of the donors showed a time-dependent increase in the
ratios, especially when they were stimulated with TGF-$1 or
the combination. In contrast to that, the ratios under IGF-1
stimulation altogether fluctuated at higher values, but rarely
increased in a steady manner as was the case for TGF-f1 and
the combination (Fig. 4).

Upon comparing the monolayer and pellet cultures, the
COL2A1/COLIAI ratios reached higher values for the pellet
cultures especially when they were stimulated with TGF-p1
or with both growth factors. Similar to the monolayer culture
under hypoxic conditions, a time-dependent increase in the
ratios in chondrocytic pellets was detected after treatment with
TGF-p1 or the combination (Fig. 4A). This increase over time
was even more marked for the pellet cultures. Nonetheless,
regarding the COL2AI/COLIAI ratios, no significant
differences for the ratios between the two culturing methods
were found.

In addition, a prominent increase in the ratios in the pellet
cultures after 14 and 35 days after stimulation with TGF-p1
and the combination was detected. After 35 days we observed
higher ratios for the combination of IGF-1 and TGF-f1
compared to the sole stimulation. This was detectable for both
oxygen conditions but was more pronounced under hypoxia.
Nevertheless, the ratios were widely scattered among the three

donors, which is indicated by the high standard errors of the
mean (SEM) (Fig. 4).

Gene expression of hypertrophic markers. In order to detect
hypertrophy of cells, the gene expression of ALP and COLI0AI
was analyzed from pellet cultures after 24, 48 and 72 h
as well as after 14 and 35 days.

Gene expression of ALP was not induced in the chondro-
cytic pellet cultures. In most of the cases the gene expression
level was lower than that of the unstimulated cells at time point 0
or did not extend detectable ranges. The highest detected value
was a 1.7-fold increase compared to the unstimulated control
obtained for TGF-f1 stimulation after 48 h of cultivation
under hypoxia (for donor 2), but the expression level decreased
over time to a 0.07-fold value (35 days, TGF-f1 stimulation).
Furthermore, the expression levels did not differ between the
different stimulation types or between the two oxygen condi-
tions. COLI0AI gene expression was not detectable in most
of the samples. There were no detectable expression levels
at time point 0, hence 2-24% values could not be calculated.
Instead, expression levels were related to the expression of the
housekeeper gene B-actin. Some low expression rates were
detected in cultures treated with TGF-f1 or the combination
of TGF-B1 and IGF-1. Nevertheless, the detected rates did not
exceed 0.1% of the expression level of the housekeeper.

Synthesis rates of hyaline cartilage-like ECM components. In
addition to gene expression analyses, levels of the hyaline-char-
acteristic proteins Col2 as well as sSGAG were quantified from
supernatants of the chondrocytic pellet cultures to determine
the redifferentiation potential.

Overall the measured Col2 amounts were higher under
hypoxia (Fig. 5A) than under normoxia (Fig. 5B). Comparing
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Figure 5. Synthesis rate of collagen type 2 in chondrocytic pellet cultures under (A) hypoxic and (B) normoxic culture conditions. Human chondrocytes were
cultured as pellet cultures and stimulated with TGF-B1 and/or IGF-1. After 24,48, 72 h as well as 14 and 35 days, supernatants of each stimulating experiment
were analysed by ELISA. Protein content was calculated using a defined standard curve and afterwards related to the total protein content (ng/mg). Data in the
diagrams are presented as box plots with median, interquartile ranges and minimum/maximum values (n=3). Additionally, dots within boxes indicate the mean
values. No statistical significance was detected (Wilcoxon Test). TGF-p1 transforming growth factor-f1; IGF-1, insulin-like growth factor-1.
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Figure 6. Synthesis rate of sGAG in chondrocytic pellet cultures under (A) hypoxic and (B) normoxic culture conditions. Human chondrocytes were cultured
as pellet cultures and stimulated with TGF-f1 and/or IGF-1. After 24, 48, 72 h as well as 14 and 35 days, supernatants of each stimulating experiment were
digested overnight with papain (65°C) and afterwards analysed by Blyscan. The sGAG content was calculated using a defined standard curve and related to
the total protein content (xg/mg). Data in the diagrams are presented as box plots with median, interquartile ranges and minimum/maximum values (n=3).
Additionally, dots within boxes indicate the mean values. No statistical significance was detected (Wilcoxon Test). sGAG, sulphated glycosaminoglycan;

TGF-f1 transforming growth factor-p1; IGF-1, insulin-like growth factor-1.

the different stimulations, greatest protein amounts were
reached with TGF-$1 and the combination of TGF-f1 and
IGF-1. Nevertheless, a conspicuous decrease was observable for
these two stimulations under hypoxia at day 3 with increasing
values at the later measured points (14 and 35 days) (Fig. 5A).

Only less Col2 protein could be detected from the pellet
cultures stimulated with IGF-1. Under hypoxia the amount
decreased over time (Fig. 5A), whereas under normoxia it
remained at a low level (Fig. 5B).

Similar to Col2 protein amounts, the SGAG reached higher
levels under hypoxia (Fig. 6A) than under normoxia (Fig. 6B).
The amount of sGAG produced by the pellet cultures stimu-
lated with TGF-f1 alone or in combination with TGF-f1 and
IGF-1 increased over time. This tendency was more visible

under hypoxia (Fig. 6A). In contrast, under both oxygen condi-
tions, only low amounts of sGAG were detected under IGF-1
stimulation which remained almost stable over time.

Morphological and histological characterization of pellet
cultures. During incubation of the chondrocyte pellet cultures
over 35 days under different growth factor combinations and
oxygen conditions the cell pellets developed unequal sizes.
After 35 days of incubation, the pellets stimulated with TGF-p1
or the combination of TGF-f1 and IGF-1 were approximately
twice as large as pellets stimulated with IGF-1 alone. For pellets
cultured under normoxia, we could even observe a reduction
in pellet size over time. This difference in size after 35 days
of culturing is indicated in Fig. 7. Additionally, an enhanced
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Figure 7. AZAN staining of chondrocytic pellet cultures under (a-c) hypoxic and (d-f) normoxic culture conditions. Human chondrocytes were cultured
as pellet cultures and stimulated with TGF-p1 and/or IGF-1. After 35 days of incubation, pellet cultures were cryo-conserved in Tissue Tek at -80°C and
afterwards sectioned to 7- to 10-um slices using a Leica cryostat. Pellets were analysed using Heidenhain's AZAN trichrome staining indicating collagen-rich
extracellular matrix in blue and nuclei as well as cytoplasm in red. Scale bar, 50 gm (IGF-1); 100 gm (TGF-p1; TGF-p1 + IGF-1). IGF-1, insulin-like growth

factor-1; TGF-f1 transforming growth factor-f31.

robustness of the pellet cultures against homogenisation was
observed over increasing culturing time. This enhancement
in robustness was more pronounced for pellets cultured under
hypoxia combined with TGF-f3 or TGF-f3 and IGF-1 stimulation.
Additionally, pellet cultures were histologically analyzed
after 35 days of incubation using Heidenhain's AZAN
trichrome staining indicating collagen-rich ECM in blue and
nuclei as well as cytoplasm in red. Pellets stimulated under
hypoxia (Fig. 7a-c) appeared more compact and homogenous
compared to those stimulated under normoxia (Fig. 7d-f). Blue
stained marginal sides of pellets stimulated with TGF-B1 or
the combination of TGF-B1 and IGF-1 under hypoxia indicate
the localization of collagen-rich ECM as well as acid mucus
substances (Fig. 7a and c). Referring to Fig. 7c, representing
a section of a pellet which was cultured under hypoxia and
stimulated with the combination of TGF-f1 and IGF-1, it
is prominent that among all stained sections its periphery
is mostly deep-blue stained. This is in contrast to IGF-1
stimulated pellet cultures from hypoxia (Fig. 7b) and to the
pellet cultures cultured under normoxia (Fig. 7a-f). Here blue
collagen-rich ECM and acid mucus substances are rather
located in the centre of the section than in the periphery.

Discussion

Previous in vitro studies have already examined growth factor
receptor expression on TGF-B1- and/or IGF-1-stimulated
bovine (25,26) or leporine chondrocytes (27). To our knowl-
edge, no studies have been carried out to date dealing with
donor-specific growth factor responsiveness of human chon-
drocytes. Accordingly, our study presents a new approach to
investigate whether the targeted use of growth factors deduced
from specific receptor gene expression profiles on the surface
of human chondrocytes can positively influence the redifferen-
tiation potential of dedifferentiated chondrocytic cells.

Gene expression of IGF-1 and TGF-f3 receptors. In monolayer
cultures, significant differences in receptor mRNA levels in
dependency to the applied growth factor were determined.
These results indicate an upregulation of /GFIR and
TGFBRI gene expression by the corresponding growth factors
IGF-1 and TGF-f1, respectively. Several in vitro studies have
previously demonstrated the capacity of TGF-B1 to regu-
late the expression of its own receptors in rabbit periosteal
explants (27), human hepatoma cell lines (28) or human small
cell lung cancer cell lines (29), respectively. Moreover, a posi-
tive autoregulatory action was also demonstrated for IGF-1
on IGFIR by Davies et al (26) in bovine chondrocytes and in
granulosa cells by deMoura et al (30). In contrast, TGFBR?2
gene expression was not upregulated by its corresponding
growth factor TGF-f1. As described by Barbara et al (31),
TGF-B1 acts through an heterologous complex composed of
TGFBRI and TGFBR?2, suggesting that both complex partners
should be present in an adequate amount to upregulate the
total receptor complex. Nevertheless, we could not demon-
strate that the heterologous TGF-B-receptor complex partners
were simultaneously expressed at the mRNA level. The gene
expression of both receptors changed rather in dependency on
growth factor stimulation. It could be assumed that TGFBR2
was already expressed at a higher level at the starting point,
thus further upregulation was not required. TGF-1 may
compensate the deficiency of the limiting receptor subunit
TGFBRI by its upregulation in order to improve sensitivity
of chondrocytes towards TGF-f1 stimulation. The higher
expression of TGFBR2 under IGF-1 stimulation could also be
explained by gene regulation mechanisms. Possible, due to a
deficit of the corresponding ligand (here, TGF-f31), the receptor
is upregulated in chondrocytes in order to increase sensitivity.
Moreover, it was apparent that the /GFIR rather showed
an increase in mRNA level over time whereas both TGFBRs
already reached maximum expression levels after 24 h and



Bzl SPANDIDOS
7] ,§, PUBLICATIONS

remained almost constant over time. A possible explana-
tion for this behaviour could be a faster degradation time
of TGFBRs mRNA compared to IGFIR mRNA indicating
mRNA accumulation over time. As a consequence, the amount
of transcribed and degraded mRNA is in balance, leaving the
TGFBRs mRNA level unchanged. In the present study, we
only analyzed growth factor receptor expression at the mRNA
level. In further studies, we must examine how the receptor
mRNA levels correlate with corresponding protein levels.

However, our findings denote that the chondrogenic growth
factors could influence the gene expression profile of IGFIR,
TGFBRI and TGFBR2. Moreover, the values were partially
widely scattered among the donors indicating the existence
of donor-specific responsiveness towards growth factor
stimulation.

Comparing the two different oxygen concentrations
(21 vs. 5%), we observed more pronounced gene expres-
sion profiles under hypoxia implying better response ability
under physiological conditions. Furthermore, no significant
differences in receptor gene expression behaviour comparing
monolayer and pellet culture were determined. Therefore,
pellet culturing for analysis of receptor gene expression
patterns seems to have no benefit, suggesting monolayer
culturing suitable for the establishment of an analysis tool to
deduce growth factor responsiveness.

Differentiation capacity of chondrocytic cells. Although
the ratios for the monolayer cultures reached higher values
under stimulation with IGF-1 compared to the stimulation
with TGF-P1 or the combination of TGF-f1 and IGF-1, most
of the cultures showed an increase in the ratios over time
under the latter stimulations. Assuming further increases in
the ratios under stimulation with TGF-P1 or the combination
for prolonged cultivation, it might be possible that the ratios
even exceed the ones under stimulation with IGF-1. This
assumption could be supported by the prominent increase in
ratios in pellet cultures after 14 and 35 days after stimulation
with TGF-f1 and the combination but not for IGF-1 alone,
suggesting a greater impact of TGF-f1 on the hyaline cartilage
characteristic COL2A1 gene expression.

Furthermore, after 35 days, higher COL2A1/COLIAI
ratios were detected for the combination of IGF-1 and TGF-f1
compared to the sole stimulation. This was observed for both
oxygen conditions, but was more pronounced under hypoxia.
This finding suggests an additive effect of both growth factors,
which was also observed in previous studies (23) as well as
by other research groups (18,32,33). Additionally, it was previ-
ously reported that intracellular signalling pathways of TGF-f1
and IGF-1 are partially linked (7,34). The connection of both
pathways could be a hint for an additive effect of both growth
factors on the chondrogenic differentiation. Nonetheless the
signalling pathways are not fully understood to date (7).

The detection of higher COL2A1/COLIAI ratios in the
pellet cultures in comparison to those noted in the monolayer
cultures suggests the dependency of three-dimensional
culturing as a chondrogenic stimulus itself. It is already known
that phenotypes and gene expression of chondrocytes are highly
dependent on the enclosing ECM and cell-to-cell contact (35).
The close three-dimensional contact of chondrocytes enables
efficient autocrine stimulation and enhances sythesis of ECM
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components (36). Our results support the previously described
findings. Nevertheless, varying COL2AI/COLIAI ratios
among the donors, dependent on the applied growth factors
presumably denote donor-specific redifferentiation potentials.
Comparing Col2 and sGAG synthesis rates of pellet
cultures, enhanced amounts of ECM components were
detected under hypoxia and stimulation with TGF-f1 or with
the combination with IGF-1, whereas they were low for the sole
stimulation with IGF-1. This finding also suggests an anabolic
effect of TGF-B1 on the synthesis of Col2 and sGAG and again
a promotive effect of physiological oxygen content. The results
for the Col2 protein expression were consistent with the mRNA
expression levels of COL2A1 after 14 and 35 days, confirming
the correlation of gene and protein expression. However, no
additive effect of both growth factors could be found on the
protein level similar to the case for the mRNA level. A delay in
the translation from mRNA to the protein could be a possible
explanation for the absent additive effect on the protein level.
The increased protein amounts of Col2 and sGAG in pellet
cultures after incubation with TGF-f1 or the combination of
TGF-p1 and IGF-1 were in relation to enhanced TGFBRI
expression of the different donors, supposing the possibility
to derive the responsiveness to TGF-p1 and/or IGF-1 from the
increase in mRNA levels of the corresponding receptors.
Altogether, the detection of higher COL2A 1/COLI1A I-ratios
as well as higher Col2 and sGAG amounts after TGF-31
stimulation alone or in combination with IGF-1 under hypoxia
confirm the positive impact of physiologically approximated
culture conditions on the redifferentiation potential. Moreover,
gene expression of ALP and COLI0OAI was not induced in
pellet cultures, giving no evidence for the emergence of hyper-
trophic processes and the development of fibrocartilage.
Furthermore, we examined COL2A1/COLIA [-ratios in
unstimulated cultures, using only ITS-supplement in the cell
culture media. These control cultures showed almost similar
results as the cultures treated with IGF-1. We suppose that
these effects may be explained by the supplemented insulin
in the ITS-reagent. Because of molecular similarities between
insulin and IGF-1, both interact on same receptor binding
sites (37). Therefore, insulin probably simulated the effects of
IGF-1 by the upregulation of same pathways.

Morphological and histological characterization of pellet
cultures. The variation of pellet size and metabolic activity
in relation to different growth factor stimulation and
different oxygen conditions confirm the dependency of pellet
morphology on defined culturing conditions. An enhancement
in pellet size under stimulation with TGF-B1 or the combina-
tion of TGF-P1 and IGF-1 suggests an enhancing effect of the
applied growth factors either on proliferation or ECM produc-
tion of human chondrocytes. The same can be estimated for
the culturing under hypoxia due to an increase in pellet size.
The reduction in pellet size under normoxia could probably
be explained by an intensification of oxidative stress, driving
cells towards apoptosis (38,39). Bohensky et al (40) previously
showed that a reduced oxygen concentration prevents apop-
tosis of chondrocytes due to the expression of reactive oxygen
species protective hypoxic-inducible transcription factors.
Babur et al (41) compared human chondrocytic macropel-
lets and micropellets under different oxygen conditions and
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likewise observed larger volumes as well as greater metabolic
activity, SGAG production and higher Col2 expression of
pellets cultivated under hypoxia, indicating a redifferentiation
process.

Observed enhanced robustness under hypoxia combined
with TGF-f or TGF-f and IGF-1 stimulation may indicate that
pellets gained robustness due to the production of hyaline-like
ECM. This assumption would resemble the detected anabolic
effect of TGF-f1 on the Col2 and sGAG expression.

Analysis of histological sections of the pellet cultures
after 35 days indicated that pellets cultured under hypoxia
appeared more compact. This finding was consistent with
the morphological observations and enhanced levels of
hyaline-like ECM components Col2 and sGAG. For pellets
stimulated with TGF-$1 or the combination of TGF-f1 and
IGF-1 under hypoxia, collagen-rich ECM as well as acid mucus
substances were rather present at the marginal sides indicating
a capsule-like formation of ECM. This capsule formation
could also explain the higher resistance of these pellets to
homogenization. Although the staining did not distinguish
between fibrous-cartilaginous typical Coll and hyaline
characteristic Col2, the enhancement in robustness may give
a hint for the production of more mechanically resistant Col2.

In contrast, in IGF-1-stimulated pellets under hypoxia and
in all pellet cultures under normoxia, the ECM was rather
located in the centre of the histological sections.

One could speculate that the capsule-like formation could
lead to a higher concentration of autocrine secreted growth
factors (and other substances) within the pellet itself due to a
reduced diffusion out of the capsule. This enhanced autocrine
stimulation could promote the redifferentiation of the chondro-
cytes within the pellet construct. Therefore, the capsule-like
formation might be more favourable than the central location
of ECM in the pellets. On the other hand, less diffusion of
nutrients into the centre of the pellets may impair cell viability.
Thus, it remains unclear which ECM formation of the pellets
is more beneficial to generate functional in vivo-like cartilage.
This should be clarified in further studies.

In conclusion, we found characteristic gene expression
profiles of TGFBRs and IGFIR according to the applied
growth factors. These gene expression profiles were even more
pronounced under hypoxia. Our findings support the assump-
tion that the chondrogenic growth factors influence the gene
expression of their corresponding receptors IGFIR, TGFBRI
and TGFBR?2. Moreover, increased amounts of Col2 protein
and sGAG after incubation with TGF-f1 and/or IGF-1 were
validated in pellet cultures. Further histological investigations
also indicated that reduced oxygen conditions combined with
the use of chondrogenic growth factors supported the genera-
tion of hyaline-like tissue. Nevertheless, further experiments
with higher sample sizes and prolonged culturing time must
be conducted to prove the applicability of a screening method
on growth factor receptors. Moreover, the further examina-
tion of intracellular signalling pathways that are related to
the redifferentiation process of human chondrocytes can be
helpful to analyze possible interactions of growth factors at
the molecular level. In further research, it is recommended to
investigate protein levels of specific growth factor receptors
either by flow cytometry or western blot analysis in order to
examine the correlation of mRNA and protein levels. It may

also be enlightening to sort TGF-f1 and/or IGF-1 receptor-
positive cells and determine their ability for redifferentiation.

Nonetheless, constructing a gene expression profile
regarding mRNA levels of specific growth factor receptors
in monolayer cultures is a valuable tool to predict the indi-
vidual response of donors in growth factor application in vitro.
The results of the present study could be a basis for further
research on donor-specific cartilage regeneration to make the
therapeutic attempt of chondrogenic redifferentiation more
efficient in ex vivo cell expansion procedures.
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