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Abstract

Objective: The purpose of the current study was to compare the donor age variation of chondrocytes from non-OA
(osteoarthritic) trauma joints in patients of young to middle age (20.5 £ 3.7, 31.8 £ 1.9, 41.9 + 4.1 years) embedded
in matrix-associated autologous chondrocyte transplantation (MACT) grafts (CaReS). The chondrocyte-specific gene
expression of CaReS grafts were then compared to chondrocytes from OA joints (in patients aged 63.8 + 10 years)
embedded in a collagen type | hydrogel. Design: OA chondrocytes and articular chondrocyte-laden grafts were cultured
over |4 days in chondrogenic growth medium. We performed reverse transcriptase quantitative polymerase chain reaction
(RT-gPCR) to evaluate the mRNA expression levels of chondrocyte-specific and hypertrophic markers. Results: Gene
expression analysis with RT-qPCR revealed no significant difference in chondrocyte-specific genes (COL2A [, ACAN, SOX9,
SOX5, SOX6) among 3 different age group of patients with CaReS grafts. In a comparative analysis of OA chondrocytes to
articular chondrocytes, chondrogenic markers (COL2A 1, SOX6) exhibited higher expression in OA chondrocytes (P < 0.05).
Hypertrophic or OA cartilage pathogenesis marker (MMP3, MMP|3) expression was higher and COLIAI had significantly
lower expression (P < 0.05) in OA chondrocytes than articular chondrocytes when cultivated in collagen type | hydrogels.
Conclusion: In summary, we identify that donor age variation does not influence the chondrogenic gene expression of the
CaReS system. We also identified that freshly isolated OA chondrocytes embedded in collagen type | hydrogels can exhibit
chondrogenic gene expression as observed in articular chondrocytes on the CaReS grafts. Transforming OA chondrocytes
to articular chondrocytes can be regarded as an alternative option in the MACT technique.
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challenging part when expanding the autologous articular
chondrocytes is to overcome the state of dedifferentiation
that occurs during in vitro expansion onto cell culture sub-
strates. Chondrocyte dedifferentiation is primarily observed
by the morphological transition of the cell from spherical to
fibroblast-like structure, loss of collagen II and proteogly-
cans, and the transition to produce more collagen I and

Introduction

Articular cartilage is an avascular tissue that is limited by its
poor healing capacity to restore tissue damage after sports
injuries or trauma, ultimately ensuring an instability and loss
of mobility in the joint tissue leading to osteoarthritis. Recent
advances made in addressing the surgical intervention for
repair of cartilage defects emphasize on healing the diseased
fibrocartilaginous tissue to a healthy hyaline cartilaginous
tissue. Collective strategies developed are either implantation
of autologous cells that are cultivated in vitro or embedding
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cells into a chondro-inductive biomaterial and implanted
directly at the site of defect."” The prerequisite for the treat-
ment of articular cartilage defects with chondrocyte implan-
tation requires an excision biopsy from a healthy site of
cartilaginous tissue from the same patient. The most
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fibronectin.* The dedifferentiation has to be reversed either
by selection of appropriate substrates or culturing them on
fibrous hydrogels or intact polymer scaffolds,® supporting
the cells to maintain their native spherical morphology.

Matrix-associated autologous chondrocyte transplanta-
tion (MACT) is a technique that employs a 2-step surgical
intervention, with autologous chondrocytes being isolated
from a biopsy at the non—load-bearing site of the cartilagi-
nous tissue. The cells are expanded in a monolayer culture
in vitro for up to 4 weeks and embedded onto the MACT
scaffold and implanted at the site of cartilage defect.
Commonly used MACT scaffolds for clinical implantation
involve hyaluronic acid (Hyalograft C), type I collagen
(Neocart, CaReS), collagen-chondroitin sulfate (Novocart),
fibrin (Chondron), and agarose/alginate (Cartipatch).”"*
During the MACT procedure, combining the preliminary
chondrocyte density with defined biomaterials such as col-
lagen type I has been shown to improve the consistency of
the initial cell density and eventually resulting in a compos-
ite cartilage matrix formation.”’ Distinctive from other
MACT scaffolds, CaReS (Arthro Kinetics Biotechnology
GmbH, Krems, Austria) involves the strategy of embedding
patients cells directly after isolation in the collagen gel graft
system without further expansion on 2D substrates, which
is imperative to impede the dedifferentiation process.

In this study, we compared the chondrogenic markers in
terms of matrix production (COL2A41, COL1A1, ACAN), tran-
scription factors (SOX9, SOX5, SOX6), and matrix metallopro-
teinases (MMP3, MMP13) among 3 different age groups of
patients undergoing the MACT (CaReS) implantation proce-
dure. We also report the differences in chondrogenic-specific
gene expression of chondrocytes from osteoarthritic (OA)
patients having collagen type I scaffolds, to articular chondro-
cytes currently used for the MACT procedure (CaReS).

Materials and Methods

Ethics Statement

Human articular chondrocytes were obtained from 25 patients
(5 females, 20 males; 20.5 £3.7,31.8 £ 1.9, 41.9 £ 4.1 years)
undergoing MACT (CaReS) treatment. Osteoarthritic human
articular cartilage was obtained from knee joints of 9 patients
(4 females, 5 males; 63.8 + 10 years) undergoing total knee
arthroplasty. All patients provided informed consent for the use
of chondrocytes. The local ethical committee approved all
experiments in this study (Approval No. GS4-EK-4/130-2011).

MACT Graft Specimens: CaReS

MACT grafts (CaReS) were prepared and provided by the
cooperation partner organization (Arthro Kinetics
Biotechnology GmbH) as a 2-step surgical procedure. The
articular cartilage biopsy was acquired arthroscopically

from the healthy site of the knee joint without any further
expansion in a monolayer culture. On average 6 x 10 cells
from 25 patient biopsies were embedded directly into the
collagen type I hydrogel and cultivated for 14 days in autol-
ogous serum. Post 14 days of culture, the cell yield from the
MACT grafts yielded on average about 2.3 x 10° cells/graft.

Human Osteoarthritic Chondrocyte Isolation

Human OA chondrocytes were isolated from articular cartilage
of OA knee joints. The cartilage was minced into 2 mm® pieces
prior to enzymatic digestion with Liberase TM (0.2 WU/mL,
Roche Diagnostics GmbH, Mannheim, Germany) in medium
(GIBCO DMEM/F12 GlutaMAX-I; Invitrogen, LifeTech
Austria, Vienna, Austria) containing antibiotics (penicillin 200
U/mL; streptomycin 0.2 mg/mL) and amphotericin B (2.5 ng/
mL) (Sigma-Aldrich Chemie GmbH, Steinheim, Germany)
under continuous agitation for 18 to 22 hours at 37°C. The
resulting chondrocyte cell suspension was passed through a cell
strainer with 40 um pore size (BD, Franklin Lakes, NJ) to
remove undigested debris. Cells were washed with phosphate-
buffered saline (PBS), centrifuged (10 minutes, 500g, room
temperature [RT]) and resuspended in growth medium (i.e.,
medium supplemented with antibiotics [see above], 10% FCS
[GIBCO, Invitrogen, LifeTech Austria] and 0.05 mg/mL ascor-
bic acid (Sigma-Aldrich Chemie GmbH]). Viability was deter-
mined via trypan blue (Sigma-Aldrich Chemie GmbH) dye
exclusion and cells were counted using a hemocytometer.

Preparation of Collagen Type | Hydrogels with
OA Chondrocytes

Cells were embedded directly in rat-tail collagen type I
hydrogel (6 mg/mL; Arthro Kinetics) as used in the MACT
grafts (CaReS) at a concentration of 3 mg/mL with 1 x 10
cells/graft (6.2 cm®). The cell seeding densities were in equal
proportion to the MACT (CaReS) transplants. Collagen type
I hydrogel was casted similar to the MACT (CaReS) trans-
plants. Briefly, FCS was diluted in a 1:4 dilution with 2x gel-
neutralization buffer and encapsulated with OA chondrocytes
as a mixture. In the next step, collagen type I hydrogel was
added to the mixture in a 1:1 ratio and resuspended carefully.
Cell-hydrogel constructs were cast at 4°C to prevent instanta-
neous polymerization. The cell-hydrogel constructs were
then let to polymerize at 37°C, 5% CO, for 30 minutes. The
resulting grafts were cultivated in growth medium with 10%
FCS and 0.05 mg/mL of ascorbic acid for 14 days. The
medium was changed every 3 days.

RNA Isolation and Reverse Transcription

The experimental design was divided into 2 categories. In
category 1 a division of 3 different age groups was com-
pared (20.5 +£3.7,31.8 £ 1.9,41.9 £ 4.1 years). In category
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Table I. Sequences of Primers and Conditions Used in Reverse Transcriptase Quantitative Polymerase Chain Reaction.

Target Gene Primer Forward Primer Reverse

GAPDH CTCTGCTCCTCCTGTTCGAC ACGACCAAATCCGTTGACTC
ACAN CCTCCCCTTCACGTGTAAAA GCTCCGCTTCTGTAGTCTGC
COL2AI GTGTCAGGGCCAGGATGT TCCCAGTGTCACAGACACAGAT
COLIAI GGGATTCCCTGGACCTAAAG GGAACACCTCGCTCTCCAG

SOX9 TACCCGCACTTGCACAAC TCTCGCTCTCGTTCAGAAGTC
SOX5 TTTACCTCAGGAGTTTGAAAGGA GCTTGTCACCATGGCTACCT
SOX6 TCAAAGGCAATTTACCAGTGATT GGCTTGCTTGGAAGACATTC
MMP3 CAAAACATATTTCTTTGTAGAGGACAA TTCAGETATTCGCTTGGGAAA
MMPI3 TTTCCTCCTGGGCCAAAT GCAACAAGAAACAAGTTGTAGCC

2, chondrocytes from 9 MACT patients (41.9 + 4.1 years)
was compared to chondrocytes from 9 OA patients (63.8 +
10 years). After 14 days of cultivation, MACT (CaReS)
transplants and OA chondrocytes in collagen type I hydro-
gels were digested with collagenase II (120 U/mL) (Sigma-
Aldrich Chemie GmbH) at 37°C for 1 to 2 hours. The cell
suspension was centrifuged (5 minutes, 500g, RT) and total
RNA was extracted from 1 x 10° cells per sample using high
pure RNA Isolation Kit (Roche Diagnostics GmbH) accord-
ing to manufacturer’s instructions. Complementary DNA
(cDNA) was synthesized with the first strand cDNA synthe-
sis kit for reverse transcriptase quantitative polymerase
chain reaction (RT-qPCR) (Roche Diagnostics GmbH) and
Random Primer p(dN) according to the manufacturer’s
instruction. The resulting cDNA was stored at —20°C until
further usage.

Real-Time Reverse Transcriptase Quantitative
PCR

To determine the chondrocyte-specific gene expression, the
magnitude of mRNA was analyzed with RT-qPCR for col-
lagen type II (COL2A1), collagen type | (COL1AI), aggre-
can (ACAN), SOX9, SOX5, SOX6, matrix metalloproteinase
3 (MMP3), matrix metalloproteinase 13 (MMP13), from
chondrocytes cultivated in MACT (CaReS) grafts and OA
chondrocytes in collagen type I hydrogels. Probes and
primers were selected with the Universal Probe Library
System (Roche) and by performing in silico PCR. Optimum
conditions and annealing temperature were determined
experimentally. cDNA was amplified with the FastStart
TagMan Probe Master (Roche Diagnostics GmbH) with
gene-specific primers (Eurofins MWG Synthesis GmbH,
Ebersberg, Germany) in triplicates using the iCycler iQ
(Bio-Rad Laboratories, Hercules, CA). Target cycle thresh-
old (CT) values were normalized to the housekeeping gene
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and
compared to the corresponding sample using the compara-
tive C_ (AAC,) method without efficiency correction (see
Table 1).

Statistical Analysis

Statistical analysis was performed using the GraphPad
PRISM (GraphPad Software, Inc., La Jolla, CA). All data
are expressed as mean =+ standard deviation. Significance
between different age group subjects of MACT chondro-
cytes was analyzed with a nonparametric Kruskal-Wallis
test and Dunn’s multiple comparison test. Significance
between MACT and OA chondrocytes was compared using
an unpaired nonparametric Mann-Whitney U test. P values
<0.05 was considered significant.

Results

Analysis of Gene Expression between Age
Groups of MACT (CaReS) Chondrocytes

Gene expression evaluated in MACT (CaReS) chondro-
cytes among different age groups of patients (20.5 + 3.7,
31.8 £ 1.9, 41.9 + 4.1 years) revealed a high variance of
COL1A1 expression with no significant differences among
the groups. Considerably lower expression of 4CAN and
COL2A1 expression was observed with no significant dif-
ferences (Fig. 1). Similarly, chondrogenic redifferentiation
specific transcription factors SOX9, SOX5, SOX6 expressed
lower mRNA among all the groups with no difference.
MMP3 and MMP13 were observed in all age group subjects
with lower expression with no significant difference.

Analysis of Gene Expression in Chondrocytes
From MACT (CaReS) and OA Grdfts

Remarkably, higher expression of COL2A41 was observed in
OA chondrocytes with a significant difference (P < 0.001)
than in the MACT chondrocytes, correlating to the lower
expression of COLIA4 in OA chondrocytes (P = 0.01658).
Similar results were observed in the differentiation index of
COL2A1/COLI1A1 ratio with a significant difference (P <
0.001). Comparably, expression of ACAN mRNA levels had
a high variance in OA chondrocytes in comparison to
MACT chondrocytes with no significant differences.
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Figure 1. RT-qPCR analysis of chondrogenic gene expression in chondrocytes from MACT (CaReS) grafts. Chondrocytes were
isolated from the healthy site of the articular cartilage in patients for 3 different age group subjects (20.5 + 3.7,31.8 + 1.9,41.9 £ 4.1
years) (n = 8-9 per group) and cultivated in MACT (CaReS) grafts for 14 days. Gene expression of MACT cells at different ages were
normalized to their respective GAPDH expression levels. Data expressed as median and range with Tukey box and whisker plot:
lower box = 75 percentile, upper box = 25 percentile, whisker = non-outlier range, dot = outlier, asterisk = extreme outlier (>1.5-
fold above/below the box).
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Chondrogenic redifferentiation specific transcription fac-
tors SOX9, SOX5 had an equal expression in OA chondro-
cytes as observed in the MACT chondrocytes. SOX6
expression was higher in OA chondrocytes than MACT
chondrocytes with a significant difference (P = 0.0397).
MMP3 and MMP13 exhibited a higher expression in OA
chondrocytes with significant difference (P < 0.001) than in
the MACT chondrocytes (Fig. 2).

Discussion

Patient age regularly has been reported to be a major factor
determining the changes in the molecular organization,
mechanical properties, cell yield, and redifferentiation
potential of the articular cartilage tissue structure.'®'® To
determine the possible influence of aging in isolated articu-
lar chondrocytes when embedded onto MACT (CaReS)
implants, we compared the chondrogenic specific gene
expression among 3 different subjects of age groups (20.5 £
3.7,31.8 £ 1.9, 41.9 + 4.1 years). We clearly noted no sig-
nificant differences in variation in the mRNA expression
levels of redifferentiation markers COL2A41, ACAN; the
transcription factors SOX3, SOX6, SOX9; and dedifferentia-
tion marker COL1A1, MMP3, MMP13 in all the age groups.
A recent study demonstrated that donor age was not an
influencing factor when OA chondrocytes from a 78-year-
old patient exhibited better tissue formation with a low cell
seeding density than younger donors aged 50 to 68 years
when used in the autologous chondrocyte transplantation
technique.' Our results indicate that the patient age by
itself does not influence the overall chondrogenic gene
expression during preimplantation of the articular chondro-
cytes in MACT (CaReS) grafts. However, the outcomes
from the post follow-up study of these implants received in
diverse age groups of patients could further support the
observed data notably. It should be taken into account that
the chondrogenic gene expression would differ in a differ-
ent hydrogel-based scaffold.

During developmental chondrogenesis, SOX9 (Sry-type
high mobility group [HMG] box 9) concomitantly binds to
the sequence along the COL2A41 enhancer, the gene encod-
ing type II collagen, an important structural component of
cartilage.”’ We observed that COL24I expression was
higher in OA chondrocytes from collagen type I hydrogels
than the articular chondrocytes with a significant difference
analogous to expression levels of SOX6 mRNA in OA
chondrocytes. SOX9 exhibited similar expression in both
the cell types and no direct correlation to COL2A1 could be
indicated. SOX5 and SOX6 cooperatively combine with
SOX9 activating COL2A1, leading to a higher expression in
OA chondrocytes.”' In another study, it has been identified
that low expression of SOX9 does not correlate with the
higher expression of COL2A1 in OA chondrocytes.” Matrix
metalloproteinase 3 (stromelysin) has been reported to

activate the collagenase-1 MMPI, which in turn cleaves a
broad range of proteins inside the cartilage tissue matrix.”
Similarly, the collagenase-IIl MMPI3 is commonly
observed during the developmental phase of chondrogene-
sis and in the OA tissue environment.**** This phenomenon
was observed in our study when OA chondrocytes were
embedded in collagen type I scaffolds. MMP3 and MMP13
exhibited a higher mRNA expression with a significant dif-
ference in comparison to the healthy articular chondrocytes
in the MACT (CaReS) scaffolds. Several studies have
reported that this phenomenon of higher expression in
MMPs under pathological conditions like osteoarthritis
leads to cartilage degradation®® and a lower expression of
MMPs in a cartilaginous healthy tissue supporting tissue
remodeling.?” The marker for a dedifferentiated phenotype
in chondrocytes, COL1A1, exhibited a higher expression in
articular chondrocytes from the MACT than in the OA
chondrocytes significantly. We assume that the redifferen-
tiation potential of the articular chondrocytes in MACT
(CaReS) will be enhanced once the transplant receiving
patients, post recovery, initiate to perform under normal
physical conditions. This can be further supported by our
recent study, where chondrocytes from OA patients embed-
ded in collagen type I hydrogels under compressive
mechanical loading stimulation regimes redifferentiated
from catabolic to anabolic phenotype.”® Our current study
limits to the assessment of the chondrogenic redifferentia-
tion markers and a few hypertrophic markers. Hypertrophic
markers like RUNX2, ALP, and COL10AI could have fur-
ther supported the arguments to the redifferentiation poten-
tial of the OA chondrocytes in a collagen type I hydrogel.
Similarly, the significance of no differences in gene expres-
sion levels at different age group subjects of the MACT
grafts (CaReS) could have been correlated with the protein
levels, to strengthen further this observation, and it has to be
taken into consideration that it might influence the results
based only on mRNA transcript levels without correlating
to the levels of functional protein.

OA chondrocytes have been shown to express increased
levels of COL2A41 while retaining the expression through-
out the in vitro culture period starting from 7 to 21 days in
comparison to the chondrogenic differentiation of bone
marrow derived MSCs.? Similarly, when OA chondrocytes
were long cultured over 6 months the proliferation of cells
decreased over time but without reaching the senescence
phase of growth and no alterations were found in the DNA
levels indicating the genetic stability and a positive correla-
tion was observed among several mismatch repair (MMR)
genes.” Tallheden et al. performed a similar study where
OA chondrocytes exhibited an increase in redifferentiation
that occurred simultaneously with increase in proliferation
in a 3-dimensional pellet culture model. The accumulation
of proteoglycans and type II collagen matrix was compara-
ble to ACT donors, whereas total collagen was significantly
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Figure 2. RT-qPCR analysis of chondrogenic gene expression in both MACT (CaReS) and OA grafts. Gene expression levels of
MACT and OA cells at the different ages were normalized to their respective GAPDH expression levels. MACT represents articular
chondrocytes isolated from MACT grafts (CaReS) of age group subjects (41.9 £ 4.1) (n = 9) at day 14. OA represents osteoarthritic
chondrocytes isolated from collagen type | hydrogels age group subjects (63.8 + 10) (n = 9) at day |4. Data expressed as median and
range with Tukey box and whisker plot: lower box = 75 percentile, upper box = 25 percentile, whisker = non-outlier range,

dot = outlier, asterisk = extreme outlier (>1.5-fold above/below the box).
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lower in redifferentiated OA chondrocytes.’' The OA chon-
drocytes further being loaded into a hyaluronic acid based
scaffold produced cartilage-specific genes as well. This
indicates that autologous chondrocytes from OA patients
are a potential source for treatment but the limited collagen
synthesis needs to be further addressed. Especially the poor
collagen production is of importance to note, as collagen is
the major factor for the stability of the construct.

In conclusion, our present study identifies that donor age
is not an influence of chondrogenic gene expression for
healthy articular chondrocytes embedded in CaReS cell
seeded grafts. Freshly isolated chondrocytes from OA
patients could be a source of a replacement for articular
chondrocytes being commonly used in MACT (CaReS) and
have positive implications for patients suffering from an
early onset of osteoarthritis.
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