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ABSTRACT

Various in vivo and in vitro studies suggest that joint homeostasis may have a crucial effect on the quality
of regeneration tissue resulting from cartilage tissue engineering techniques. The goal of the current
study was to evaluate the effect of synovial fluid (SF) from injured knee joints on in vitro chondrogenesis.
Chondrocytes were isolated from a healthy human femoral condyle (post-mortem) and expanded in
monolayer for 2 passages. Subsequently, the chondrocytes were redifferentiated for 14 days on collagen-
coated filters, cultured either in the presence or absence of 10% SF. SF was obtained from 12 injured
human knee joints. After 14 days of culture, SF supplementation resulted in a significant downregulation
of final proteoglycan (PG) content (7.3 +1.8 mg versus 15.6 + 1.3 mg; p =0.0001), PG content normalized
to DNA (0.7 £ 0.5 mg/pg versus 3.0+ 0.6 mg/pg; p <0.05), relative collagen type II mRNA levels normal-
ized to GAPDH mRNA levels (0.2 +£ 0.3 versus 7.0 = 5.6; p < 0.001), and differentiation index (collagen type
II/T mRNA ratio; 0.1+0.2 versus 6.0+2.9; p<0.001) as compared to control culture conditions. Ad-
ditionally, SF-supplemented media resulted in significantly increased cellularity, as reflected by DNA
content, compared with control media (1,369 + 683 pg versus 514 +72 pg; p <0.0001). Morphology, and
collagen type I, X, and aggrecan mRNA levels were not significantly affected. In conclusion, this study
demonstrates that SF from injured human knee joints significantly affects in vitro chondrogenesis and
therefore may provide a viable target for future improvement of ACT by refinement of culture tech-
niques, patient selection, or pretreatment of affected joints to restore joint homeostasis.

INTRODUCTION

OVER THE LAST DECADE, autologous chondrocyte trans-
plantation (ACT) has been increasingly applied for
treatment of articular cartilage defects. However, the quality
of regeneration tissue resulting from ACT varies greatly,
ranging from hyaline cartilage to fibrous or hypertrophic
tissues, which have inadequate mechanical properties and are
likely to either degenerate over time or lead to more gen-
eralized joint destruction.'

In clinically applied ACT, chondrocytes are generally
isolated from small cartilage biopsies and subsequently are
expanded in monolayer to obtain sufficient cells for treat-

ment of cartilage defects. During expansion, chondrocytes
dedifferentiate and lose their rounded shape, produce less
cartilage-specific matrix proteins, such as collagen type II,
and behave more like a fibroblastic cell type, producing
increased amounts of collagen type 1.+ To obtain regen-
erated tissue with adequate mechanical properties, these
cells need to be stimulated to redifferentiate and synthesize
appropriate amounts of hyaline cartilage-specific proteins.

In vivo, redifferentiation and extracellular matrix (ECM)
synthesis by in vitro expanded chondrocytes might be af-
fected by various factors, of which the environment of re-
differentiating chondrocytes in ACT might be crucial. This
environment is determined by a variety of naturally occurring
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intra-articular components, of which synovial fluid (SF) is
frequently proposed as a key mediator. Normal SF is a
dialysate of blood plasma with the addition of components
synthesized by synovial tissue and catabolic products from
the surrounding tissues, for example, proteoglycan (PG)
and collagen breakdown products.® SF nourishes articular
cartilage, contains growth factors and, dependent on the
status of the joint, pro-inflammatory and anti-inflammatory
cytokines.”™® Relatively little is known about the role of SF
in cartilage turnover, in particular during cartilage re-
generation after trauma. Autologous SF obtained from
healthy equine joints is has been demonstrated to support
chondrogenic differentiation of equine mesenchymal stem
cells.'® However, various studies suggest that joint homeo-
stasis is disturbed in traumatized joints, which was found to
adversely affect chondrogenesis.'""'? This effect may at least
partly be mediated through changes in SF content.

The goal of this study was to investigate the effect of
human SF from injured knee joints on in vitro chondrogen-
esis by expanded human chondrocytes in a previously vali-
dated culture model.'® Collagen types I and II and aggrecan
mRNA levels were determined to evaluate the effect of SF
on the degree of redifferentiation. Collagen type X mRNA
levels were measured to detect hypertrophic changes.'*"”
Tissue morphology, PG content, and cell content of the ECM
were determined to assess the effect of SF on the final tissue
quality.

MATERIALS AND METHODS

Synovial fluid collection

SF samples were collected from 12 patients, either dur-
ing arthroscopy or in the outpatient clinic. Demographic and
clinical data of these samples are summarized in Table 1.
Defect ages were determined from patient history. Diag-
noses were determined either by magnetic resonance ima-
ging or arthroscopically. The donors had no clinical history
of inflammatory or degenerative joint disorders and did not
use corticosteroids (systemically or intra-articularly). After
aspiration, the samples were spun at 300 g to remove debris
and stored in small aliquots at —80°C until further use.

Culture methods

Articular cartilage was harvested post mortem (within
24 h after death) from a femoral condyle of a 48-year-old
human female donor. The donor had no clinical history of
degenerative, inflammatory, or crystalline joint disorders
and did not use corticosteroids (systemically or intra-
articularly).

Within 12 hours after biopsy, chondrocytes were isolated
by a 3-h 0.1% pronase (Roche, Mannheim, Germany) di-
gestion at 37°C followed by an O/N 0.04% collagenase
(Sigma, St. Louis, MO) digestion at 37°C. The chondrocytes
were plated at a cell density of 5,000 cells/cm” and were
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TABLE 1. DEMOGRAPHIC DATA OF SYNOVIAL FLUID SAMPLES
Patient  Defect
Patient age age
No. [Years]  [Days] Diagnosis
1 27 5  Khnee distortion with pain
and swelling: no further tissue
damage demonstrated
2 43 7  Knee distortion with pain and
swelling: no further tissue
damage demonstrated
3 23 8  Cartilage defect
Medial Femoral condyle
4 47 9  Knee distortion with pain and
swelling: no further tissue
damage demonstrated
5 28 14 Medical meniscus rupture
6 36 14 Cartilage defect
Medial Femoral condyle
7 20 31 Cartilage defect
Medial Femoral condyle and
anterior cruciate ligament
rupture
8 33 39  Cartilage defect
Medial Femoral condyle
9 46 254  Cartilage defect
Medial Femoral condyle
10 46 341 Cartilage defect
Medial Femoral condyle
and medial meniscus rupture
11 44 885  Cartilage defect
Medial Femoral condyle
12 46 > 1000 Cartilage defect

Medial Femoral condyle

expanded in monolayer at 37°C and 5% carbon dioxide
(CO,) for 2 passages. The culture media consisted of
DMEM (Gibco, Carlsbad, CA) containing L-glutamine,
4.5mg/mL glucose, 25 mmol HEPES buffer, 10% fetal
bovine serum, 100 U/mL penicillin, 100 pg/mL streptomy-
cin, and 10ng/mL basic fibroblast growth factor (bFGF;
R&D, Minneapolis, MN). No bFGF was added to the culture
media during the first 3 days. The culture medium was re-
newed every 3 days. At confluency, the cells were trypsinized
using 0.25% trypsin/EDTA. Viable cells were counted using
a Biirker-Turk hemocytometer after staining with Trypan
blue.

After 2 passages, the expanded chondrocytes were see-
ded at a cell density of 1.6 x 10° cells/cm? on Millicell filters
(Millipore Co., Bedford, MA) precoated with collagen type
I (Sigma; redifferentiation culture). The filters were cul-
tured in DMEM (Gibco) containing, L-glutamine, 2% hu-
man serum albumin (Equitech-Bio, Kerrville, TX), 1 x
ITSx (Gibco), 5ng/mL transforming growth factor (TGF)-
B2 (R&D), and 0.4 mmol ascorbic acid (control medium).
The culture media of the experimental group were supple-
mented with 10% SF (100 pL per sample). In both treatment
groups, the growth factors were added to the culture media
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after all other components were mixed to ensure identical
amounts TGF-f supplemented to the culture media. The
cultures were incubated at 37°C in 5% CO,. Culture media
were renewed at 7 and 10 days of culture. The samples were
harvested after 14 days of culture. For each analysis method,
3 samples per SF donor were cultured. The results of the
present study were confirmed by repeating the experiment
with chondrocytes isolated from a 51-year-old human male
donor. Results that were not consistent with results observed
in the first experiment are mentioned explicitly in the Results
section.

Analytical methods

Histologic analysis. Samples were fixed in 10% buffered
formalin and cut at 5 pm for histologic evaluation (Safranin
O/Fast green) after 14 days of redifferentiation culture.
Before embedding the filters, they were first rinsed in PBS
and subsequently halved. One half was embedded for his-
tology and the other half was used for PG and DNA ana-
lysis. Safranin O staining was performed as described
previously by Rosenberg.'® The histologic quality of the
tissue was analyzed by 4 blinded observers using a scoring
system specifically designed to evaluate cartilage synthe-
sized in vitro. This scoring system is hereafter referred to as
the Bern score.'” This scoring system evaluates 3 para-
meters: (1) the darkness and uniformity of the Safranin O
staining, (2) the amount and organization of the ECM, and
(3) the morphology of the cell. Each item can be scored
with a minimum of 0 points (worse) and a maximum of 3
points (best); thus, the maximum score is 9 points (histo-
logically resembling hyaline cartilage).

Proteoglycan content of tissue samples. The PG content
after 14 days of culture was analyzed using a previously de-
scribed Alcian blue assay.>*?! To this end, the samples were
digested in 12% papain dissolved in 50 mmol phosphate
buffer, 2 mmol N-acetylcysteine, and 2 mmol Na,-EDTA, pH
6.5, at 65°C for 2 h. Part of the digest was used to measure the
DNA content. From the remaining digest, GAGs were pre-
cipitated and stained with an Alcian blue dye solution (Alcian
blue 8GX, Sigma, saturated in 0.1 mol sodium acetate buffer,
containing 0.3 M MgCl,, pH 6.2) for 30 min at 37°C. The
blue staining was quantified spectrophotometrically from
the change in absorbance at 620nm. Chondroitin sulphate
(Sigma, St. Louis, MO) was used as a reference.

DNA content. After 14 days of culture, the DNA content
of the samples was determined as a measure of cellularity.
In the papain digest samples, DNA was stained with the
fluorescent dye HOECHST 33258 as described previously
and fluorescence was measured on the Cytofluor.”* Calf
thymus DNA (Sigma) was used as a reference.

Total RNA isolation. After 14 days of redifferentiation
culture, total RNA was extracted. To this end, redifferenti-
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ated chondrocytes were lysed in RNeasy lysis buffer (RLT
buffer, RNeasy Mini Kit) and total RNA was extracted using
the RNeasy Mini Kit (Qiagen, Hilden, Germany) according
to the manufacturer’s protocol.”> RNA concentration was
measured spectrophotometrically at 260 nm and sufficient
RNA purity was assumed if the 260/280 nm ratio was be-
tween 1.6 and 2.0. Subsequently, RNA samples were DNase
treated and 500 ng of RNA was reverse transcribed using the
iScript cDNA synthesis Kit (Bio-Rad, Hercules, CA).

Semiquantitative real-time polymerase chain reaction
analysis. Collagen type I, I, X, and aggrecan mRNA levels
were determined using a Tagman assay on the ABI prism
7900HT sequence detection system. Primers and probes
were generously provided by Dr. H. Jahr and Dr. G.J.V.M.
van Osch (Department of Orthopaedics, Rotterdam, the
Netherlands). Collagen and aggrecan primer and probe se-
quences were previously published by Mandl er al.** and
Martin et al.”> GAPDH primer and probe endogenous con-
trol mix for the Tagman assay is commercially available
(Applied Biosystems, Foster City, CA). The expression le-
vels were normalized to endogenous GAPDH expression
levels and were calculated using the 27A2CT formula (ABI
Prism 7700 sequence Detection System User bulletin #2).
Because collagen type II is one of the typical structural
proteins synthesized by differentiated chondrocytes in hya-
line cartilage, as compared with collagen type I that is nor-
mally synthesized by dedifferentiated chondrocytes, we
defined the ratio of collagen type II and collagen type I
mRNA levels as differentiation index.

Statistical analysis

The effect of SF supplementation compared to no sup-
plementation was analyzed using a separate-variance z-test.
If nonnormal distribution or unequal variance was observed
among the treatment groups, that specific variable was ana-
lyzed by the Wilcoxon rank-sum test. The graphs show
average values in either treatment group; p < 0.05 was con-
sidered statistically significant. Statistical calculations were
done with the JMP (Cary, NC) version 5.0 software package.

RESULTS

Tissue morphology

Cultures with and without SF supplementation resulted
in the synthesis of fibrocartilaginous tissue by chondrocytes.
The ECM stained positive with Safranin O in all samples
and most chondrocytes had a rounded appearance, although
a substantial part of the cells had a fibroblastic appearance
and lacked lacunae, typical for native chondrocytes in ar-
ticular cartilage (Fig. 1A, B). No differences in tissue mor-
phology between both treatment groups were observed.
To objectify this finding, 3 blinded observers scored the
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morphological quality of the tissue synthesized according
to the Bern score. No statistically significant differences
were found between the treatment groups; tissue synthe-
sized under control conditions scored 4.9 0.7 points and
tissue synthesized in SF-supplement culture media scored
4.6 + 0.8 points (Fig. 1C).

Proteoglycan synthesis and DNA content

ECM synthesis as measured by the final PG content of the
tissue was significantly affected by the supplementation of SF
to the culture media. Chondrocyte redifferentiation culture
under control conditions resulted in a significantly higher
amount of PGs synthesized after 14 days of culture compared
to SF-supplemented culture conditions (15.6 = 1.3 mg versus
7.3 + 1.8 mg, respectively; p =0.0001; Fig. 2A). PG content
normalized to DNA content showed a similar significant
downregulation by SF-supplemented culture conditions com-
pared to control culture conditions (0.7 & 0.5mg/pg versus
3.0 £ 0.6 mg/ug, respectively; p < 0.05; Fig. 2B).

Chondrocyte redifferentiation under SF-supplemented
culture conditions resulted in a significantly higher DNA
content after 14 days of culture compared to control media
(1,369 £683 pg versus 514 £72 pg, respectively; p <
0.0001; Fig. 2C).

Post-redifferentiation mRNA levels

SF supplementation resulted in significant downregu-
lation of relative collagen type II mRNA levels (0.2 +
0.3 versus 7.0+ 5.6, respectively) and the differentiation
index (the collagen type II/I mRNA ratio; 0.1 £ 0.2 versus

FIG. 1.
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6.01+2.9, respectively) as compared with control media
(Fig. 3B, C).

SF supplementation appeared to result in upregulation of
collagen type I mRNA levels in both donors, although this
effect was not consistently significant (donor 1, 28.3 £61.7
versus 10.6 &+ 3.9, respectively, p=0.31; donor 2, 10.2 £+
9.1 versus 4.5 £ 1.7, respectively, p =0.03; Fig. 3A). Ag-
grecan mRNA levels were not significantly different be-
tween culture conditions (control 5.1 4= 1.7 versus 10% SF
8.6 + 13.8; Fig. 3D). Collagen type X was below detection
level in all samples.

DISCUSSION

To optimize the quality of tissue formed after clinically
applied ACT, cartilage tissue engineering has been studied
extensively, both in vitro and in vivo. However, few studies
have aimed at elucidating the effect of the in vivo en-
vironment on chondrogenesis. The current study clearly
demonstrates that in vitro chondrogenesis is significantly
affected by supplementation of culture media with SF ob-
tained from injured knee joints. After 14 days of culture, SF
supplementation resulted in a significant decrease of final
PG content, significant increase of final cellularity, and a
significant inhibition of chondrocyte redifferentiation at the
mRNA level.

The observed decrease in final PG content by chon-
drocyte redifferentiation in SF-supplemented culture media
may be caused either by a higher anabolic activity of chon-
drocytes cultured in control media, a higher catabolic ac-
tivity of chondrocytes cultured in SF-supplemented culture
media, or a combination of these 2 factors. Either way,

Five-micrometer histologic sections with safranin O/fast green staining after 14 days of culture of tissue synthesized by

chondrocytes redifferentiated in (A) control media and (B) culture media supplemented with 10% SF. Original magnification x 40. (C)
Bern histologic score after 14 days of culture. Bars represent average = SD. Color images available online at www.liebertpub.com /ten.
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FIG. 2. (A) Final GAG content. (B) Final GAG content normalized to DNA content. (C) Final DNA content. Bars represent average +
SD. *p <0.05. Note that SF supplementation to redifferentiation media significantly inhibits the final PG content of the tissue syn-
thesized and stimulates the cellularity compared to control redifferentiation conditions.

these results in combination with decreased redifferentia-
tion suggest that SF from injured knee joints is detrimental
to in vitro chondrogenesis. Possible factors responsible are
chemokines, inflammatory cytokines, and matrix metallo-

proteinases. These mediators have been described to be
induced as a physiologic reaction to damage in a variety of
tissues and are known to be crucial for cutaneous wound
healing, as an example.’*° Likewise, joint injuries might
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FIG. 3. Relative mRNA levels of (A) collagen type I, (B) collagen type II, (C) the collagen type II/I ratio (differentiation index), and
(D) aggrecan in tissue synthesized by expanded chondrocytes that were redifferentiated on collagen-coated filters for 14 days. The
mRNA levels shown in these graphs are relative expression levels after normalization to GAPDH as endogenous control. *p < 0.05.
Note that SF supplementation results in significantly decreased collagen type II mRNA levels and differentiation index compared to

control redifferentiation conditions.
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result in the induction of such mediators.’**>' However,
in the context of cartilage biology, these mediators are
suggested to be involved in osteoarthritis development and
to be detrimental to the ECM of articular cartilage.”>
Therefore, they might be responsible for the decreased final
PG content in SF-supplemented cultures by inducing in-
creased PG degeneration rate. Future studies should aim at
elucidating the factors responsible for the observed effects,
because these might provide a possible target for im-
provement of clinically applied ACT, for example, by de-
sensitizing chondrocytes for specific cytokines using
siRNA or restoring a beneficial joint homeostasis for chon-
drogenesis by pretreatment of joints. Similar treatments
have been studied in patients with rheumatoid arthritis,
namely, tumor necrosis factor-o inhibitors.****

In contrast with our results, Hegewald et al.'® demon-
strated that autologous SF obtained from healthy equine
joints is supportive for in vitro chondrogenic differentiation
and PG synthesis by equine mesenchymal stem cells. Fur-
thermore, Skoog et al.>® presented similar supportive effects
for in vitro chondrogenesis from perichondral tissue har-
vested from rabbit rib cartilage. These discrepancies may be
explained by the fact that, in the current study, SF samples
were harvested from human injured knee joints in contrast to
described studies, which used SF obtained from healthy
joints. This hypothesis appears supported by the fact that SF
from “chronically” injured knee joints has indeed been
demonstrated to inhibit the PG synthesis rate in a chick limb
bud assay.'' However, in the same study, PG synthesis rate
was stimulated by SF from “acutely” injured knee joints.
Likewise, periosteal transplantation in joints with longer
existing cartilage defects has been demonstrated to result in
regeneration tissue with significantly worse morphology and
to affect PG turnover of the treated joint negatively com-
pared to periosteal transplantation in joints with “fresh”
cartilage defects.'” These studies suggest that the effect of
SF on chondrogenesis is related to the age of injury of the
joint from which the SF samples are harvested. Such trauma-
age-related effects were not observed in the current study.
This may be due to various factors, such as the culture model
used, differences in chondrocyte species, the limited number
of SF samples, or the outcome parameter used; the described
studies determined PG turnover parameters rather than final
PG content, and the latter appears more relevant because this
has a direct relation to mechanical properties of the tissue.
These studies do confirm that joint injury may result in
disturbed joint homeostasis, which may be detrimental for
the quality of regenerating tissue after ACT.

Interestingly, SF supplementation resulted in significantly
higher cellularity of tissue formed after 14 days of culture.
These results are in accordance with a recently published
study in which cartilage injuries were demonstrated to result
in bFGF release.® Besides being a potent mitogen, bFGF is
known to be a potent inhibitor of the anabolic effects of both
IGF-1 and OP-1; bFGF significantly downregulated the PG
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synthesis rate of culture chondrocytes induced by these
growth factors.®” A similar mechanism might be responsible
for the observed effects of SF supplementation in the current
study. However, in an animal study Fukuda et al.*® de-
monstrated that treatment of osteochondral defects by matrix
induced autologous chondrocyte implantation resulted in
macroscopically, morphologically, and mechanically im-
proved tissue regeneration when scaffolds were impregnated
with bFGF. These apparently contrasting results may be
explained if bFGF-induced proliferation precedes re-
differentiation rather than occurring simultaneously. A si-
milar process was previously suggested to occur during
in vitro periosteal chondrogenesis.>® Although this hypoth-
esis seems to be supported by the downregulation of re-
differentiation parameters in our study, future experiments
with extended culture periods should investigate whether
this hypothesis holds true. Joint-injury—induced upregula-
tion of intra-articular bFGF levels might actually result in
increased amounts of regeneration tissue, rather than detri-
mental as the results of the current study suggest.

Altogether, various parameters of ECM quality and
chondrocyte redifferentiation appear to be strongly affected
by SF supplementation to redifferentiation media. How-
ever, pinpointing the exact factors involved in the effects
found is difficult, as various limitations should be considered
in this study. All SF tested were obtained from injured knee
joints. Therefore, the observed effects cannot be assigned
with certainty to the fact that the joints, from which the SF
samples were harvested were injured. Unfortunately, hu-
man SF samples from healthy joints are sparsely available.
Furthermore, tissue quality was determined at only 1 time
point, limiting the possibility of temporal interpretations of
the current data. Whether decreased PG content combined
with increased cellularity actually represent detrimental
effects induced by SF supplementation, or rather reflects
increased amounts of tissue that may be synthesized, re-
mains to be elucidated in future studies with extended
culture periods. Finally, SF samples that were supple-
mented to the redifferentiation media were obtained from
different donors than the chondrocytes, which suggests that
the adverse effects induced by SF supplementation may be
due to immunologic rejection. However, the significantly
increased final cellularity induced by SF supplementation
contradicts this hypothesis.

In conclusion, SF supplementation to culture media sig-
nificantly affects in vitro chondrogenesis, suggesting that
caution is warranted when investigating in vitro chondrocyte
redifferentiation without SF supplementation to culture
media. Moreover, this study suggests that SF from injured
knee joints has a detrimental effect on redifferentiation and
ECM synthesis. Therefore, factors present in the SF of
injured joints may, once identified, provide a viable target
for future improvement of ACT by refinement of culture
techniques, patient selection, or pretreatment of affected
joints to restore joint homeostasis.
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