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LIST OF ABBREVIATIONS

ACAN   Aggrecan
ACI   Autologous chondrocyte implantation
ACL   Anterior cruciate ligament
ADAMTs   A disintegrins and metalloproteinases with thrombospondin motifs 
bFGF   Basic !broblast growth factor 
BMP   Bone morphogenetic protein
CD   Cartilage defect
COL   Collagen
COX-2   Cyclooxygenase-2
CS   Chondroitin sulphate 
DDR2   Discoidin domain receptor 2
DMEM   Dulbecco’s modi!ed Eagle’s medium 
DMMB   Dimethylmethylene blue
DNA   Deoxyribonucleic acid
EDTA   Ethylenediaminetetraacetic acid
ELISA   Enzyme-linked immunosorbent assay 
FBS   Fetal bovine serum
GAG   Glycosaminoglycan
HGF   Hepatocyte growth factor
HIF-2$   Hypoxia- inducible factor-2$
IFN%   Interferon %
IGF   Insuline-like growth factor
IL   Interleukin
iNOS   Inducible Nitric Oxide Synthase
ITS-X   Insuline-transferrine-selenium-X
KS   Keratan sulphate 
LDH   Lactate dehydrogenase
MACI   Matrix-assisted autologous chondrocyte implantation
MAPK   Mitogen activated protein kinases
MCP   Monocyte chemotactic factor
MMP   Metalloproteinases
MRI   Magnetic resonance imaging
MSC   Mesenchymal stromal cell
NF-&B   Nuclear factor &B
NGF   Neural growth factor
OA    Osteoarthritis
OAT   Osteochondral autologous transplantation 
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OPG   Osteoprotegerin
OSM   Oncostatin M
PBS   Phosphate bu"ered saline
PCR   Polymerase chain reaction
PEGDA   Polyethylene-glycol-diacrylate
PGE2    Prostaglandin E2

PEOT/PBT  Poly(ethylene oxide terephthalate)/poly(butylene terephthalate)
RA    Rheumatoid arthritis
RNA   Ribonucleic acid
SOX9   (Sex determing region Y)- box9
SSP1   Secreted phosphoprotein 1
TIMP   Tissue inhibitor of metalloproteinases
TGF'   Transforming growth factor '
TNF$   Tumor necrosis factor $
VEGF    Vascular growth factor
Ywhaz   Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation 

protein, zeta polypeptide
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CASE PRESENTATION

A 34-year-old male patient presents with a painful right knee. He had a partial medial 
meniscectomy of the same knee 5 years ago, which initially allowed for renewed par-
ticipation in sports. However, in the last year he experienced progressive symptoms of 
that knee: at !rst he only had pain and e"usion after running and soccer, but lately 
the medial pain is almost constantly present, severely limiting sports activities and also 
a"ecting normal activities of daily life such as prolonged walking and squatting. There 
are no complaints of giving way or catching and locking of the knee. 

On physical examination, there is a moderate e"usion of the right knee, range of 
motion is 130 degrees of #exion, full extension, and palpation of the medial joint line is 
painful. The knee ligaments are intact and during the McMurray test for meniscal tears 
the patient experiences pain, but no “click” is felt. MRI of the knee reveals an isolated 
full thickness articular cartilage defect at the load-bearing region of the medial femoral 
condyle. The suggested procedure is arthroscopy with intra-operative evaluation of the 
defect and, depending on the size of the lesion, either microfracture or cartilage biopsy 
for subsequent autologous chondrocyte implantation. After debridement, the defect 
measures 1.5 by 2.5 cm and therefore a biopsy is taken. Eight weeks later, the cartilage 
cells are reimplanted using a carrier sca"old. 

CARTILAGE DEFECTS

This case illustrates some of the typical problems encountered in patients with symp-
tomatic cartilage defects of the knee. The exact etiology of cartilage defects is largely 
unknown, but a relationship with joint trauma has been suggested1, 2. Also, sports 
participation, especially high-risk sports such as soccer and skiing, have been associated 
with increased incidence of cartilage defects2. Furthermore, concomitant injuries such 
as anterior cruciate ligament and meniscal tears, are often observed1 and may contrib-
ute to the development of cartilage defects3, 4. Symptomatic articular cartilage defects 
mostly a"ect the young to middle aged population and cause symptoms such as pain, 
joint e"usion, and loss of knee function thereby reducing the ability to perform activities 
of daily living and participate in sports. For diagnosing cartilage defects, arthroscopy is 
still the golden standard5. Although the speci!city of MRI to diagnose cartilage defects 
is excellent, its sensitivity is not and MRI systematically underestimates the dimensions 
of a cartilage defect6. 

Cartilage defects are classi!ed according to macroscopic appearance into grades I 
to IV, with an increasing grade re#ecting an increased severity of the cartilage damage7. 
Treatment of articular cartilage defects is important to restore function and reduce 
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symptoms such as pain, but also because focal defects may progress to osteoarthritis 
(OA) if left untreated8-10. Only grade III and IV cartilage defects are treated surgically and 
determination of the most suitable treatment is partly dictated by lesion size11.  However, 
the success of cartilage repair on an individual basis is di(cult to predict, repair tissue 
is far from identical to native tissue12-15 and it remains to be determined whether timely 
treatment of defects really delays or prevents the development of OA. 

TREATMENT OPTIONS

The three main surgical treatment options for symptomatic focal cartilage defects are: 
bone marrow stimulating techniques, of which currently microfracture16 is most com-
mon, tissue replacements such as osteochondral autologous transplantation (OAT)17, 
and cell-based therapies such as autologous chondrocyte implantation (ACI)18 and 
subsequent newer generations of this concept. 

Microfracture is an arthroscopic technique in which, after debridement of the carti-
lage defect, small holes are created in the subchondral bone with a surgical awl. Bone 
marrow cells can enter the joint and are thought to attach to the base of the defect in 
the blood clot that is formed and eventually remodel into cartilage19. It is a relatively 
simple technique with good outcomes on the short term, but it has been suggested that 
clinical results obtained with this technique are less durable, possibly due to the more 
!brous repair tissue20. 

During the OAT procedure, an osteochondral plug is harvested from a healthy, non 
weight-bearing location in the knee and transplanted to !ll the defect. This technique 
is limited by donor site availability and therefore is not recommended for lesions larger 
than 4 cm2 and may lead to pain at the donor site21. 

Autologous chondrocyte implantation was !rst described in 1994 by Brittberg et al18. 
Since then, this technique and its various modi!cations have shown clinical e"ective-
ness in case-series with mid- to long-term follow-up22-26, nonetheless, only a handful 
randomized controlled trials have been performed14, 27-30. In these trials, both superiority 
as well as similarity of ACI to other techniques at various time-points after surgery have 
been demonstrated13, 14, 27-33. Comparing ACI to OAT, more failures with OAT (55%) than 
with ACI (17%) were recently reported at 10 years follow-up33. Two studies reported 
that overall there were no di"erences between ACI and microfracture13, 31 at !ve years 
follow-up, although more stringent selection of patients for autologous chondrocyte 
implantation may result in better outcomes, as autologous cells were more e"ective 
in defects with an onset < 3 years34. All in all, to date, there is no general consensus on 
which surgical technique is best35. Large randomized clinical trials including several out-
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come parameters in addition to clinical outcome, such as histology and MRI, would provide 
a more de!nite answer, as shown in the current thesis. 

IMPROVING CARTILAGE REGENERATION

The repair tissue obtained with cartilage repair procedures is hyaline-like at best but 
still far from identical to native tissue13-15, 36-38. It lacks the layered structure, has inferior 
mechanical properties to native cartilage and integration with adjacent cartilage is sub-
optimal. In order to truly advance cell-based cartilage repair procedures into becoming 
cartilage regeneration procedures, the quality of cartilage repair tissue will need to be 
improved. To optimize cartilage regeneration, brie#y three factors play an important 
role: the (phenotype of ) cells used, the cells’ microenvironment, including biomateri-
als used as carrier matrices and paracrine signaling, and the host joint environment. 
Classical ACI is performed with autologous chondrocytes obtained from a non-weight 
bearing location in the knee that are expanded prior to reimplantation. However, the 
numbers of cells that can be obtained are small, which necessitates expansion, leading 
to dedi"erentiation, and inferior cartilage matrix production39, 40. An additional draw-
back is the donor site morbidity in#icted by taking a cartilage biopsy. Hence, there is 
an increasing interest in using non-expanded and therefore non-dedi"erentiated cells, 
or cell types other than chondrocytes, such as mesenchymal stromal cells, or a combi-
nation of the two41. Mesenchymal stromal cells have the advantage that they can be 
obtained with relatively minimal additional damage and expanded to obtain great cell 
numbers. However, their main drawback is their tendency to hypertrophy42. For these 
reasons, we focused on the potential of non-expanded cells, in particular by exploring ap-
propriate biomaterials and the role of endogenous soluble mediator production to enhance 
redi"erentiation and thus stimulate cartilage matrix production.

In the last decade, there have been many advances in biomaterial sciences and many 
di"erent biomaterials have been explored for cartilage tissue engineering. Biomaterials 
produced from natural polymers such as collagen, !brin, chitosan, silk and hyaluronic 
acid have the advantage of containing natural binding sites for cells and other biomi-
metic signals43. Binding of natural substrates through, for example, integrin receptors, 
can regulate gene expression and chondrocyte behaviour44. However, the properties of 
biomaterials based on synthetic polymers are much easier to tailor, o"ering virtually 
endless possibilities without, for instance, problems related to batch-to-batch variations. 
Until now, the focus of biomaterial-based research on cartilage regeneration has been 
mainly based on the investigation of single biomaterials, with only a few comparative 
studies. Thus, insight as to what material would be preferable in terms of stimulation of 
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regeneration is lacking. In particular, the role of biomaterials in in#uencing the expression 
and secretion of soluble mediators and thus to regulate regeneration is unknown.

Finally, cartilage regeneration is also greatly dependent on patient and defect charac-
teristics. Whilst some characteristics such as age, defect location, defect age and activity 
level have been identi!ed as prognostic factors45,  there are still various unknown factors 
that determine the outcome of regenerative treatments. Many of these factors are likely 
to concern the host joint environment in which the repair has to take place. Whilst in 
experimental models the defect is often created and treated at once, in patients, defects 
have often existed for a longer period prior to treatment, causing a disturbance in joint 
homeostasis46. 

KNEE JOINT HOMEOSTASIS

One of the reasons why current treatments for cartilage defects sometimes fail clini-
cally and/ or histologically may lie in the fact that current therapies focus exclusively on 
the cartilage defect, while all tissues of the knee joint together are likely to determine 
its characteristics and hence a"ect the regenerative response. In healthy joints, the 
interactions between cartilage, synovium, subchondral bone, menisci and ligaments 
create a stable environment with a balanced metabolism. Communication between the 
various tissues of the knee mostly occurs through the release of soluble mediators into 
the synovial #uid. Anabolic and catabolic factors, in#ammatory and anti-in#ammatory 
components are all exchanged between these structures, a"ecting each other. The con-
cept of joint homeostasis is used to describe this delicate equilibrium32, 47, in which joint 
tissues are capable of responding adequately to changes that fall within physiological 
limits and hence maintain a steady state without net changes. 

Contrarily, in joints with cartilage defects and OA, the balance between matrix depo-
sition and degradation is disturbed at the expense of cartilage integrity. Various factors 
probably contribute to a disturbance in joint homeostasis: joint (impact) trauma, obesity, 
altered mechanical loading and joint instability; these are just a few of the components 
recognized so far48-51. Joint impact trauma can cause chondrocyte cell death and apop-
tosis and induces in surviving chondrocytes the production of in#ammatory mediators 
such as interleukin (IL)-1', tumor necrosis factor (TNF)$, nitric oxide and prostaglandin 
E2 and proteases including matrix-metalloproteinases (MMPs) and disintegrins and 
metalloproteinases with thrombospondin motifs (ADAMTs)52-55. Impact trauma may also 
lead to the leakage of blood into the joint, which can directly a"ect the cartilage by 
causing chondrocyte apoptosis and decreasing proteoglycan synthesis as well as cause 
synovial in#ammation56. Localized mild synovial in#ammation is regularly observed in 
patients with cartilage defects57 and some form of synovitis is common in OA and plays 
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an important role in OA pathogenesis58-60. Activation of synovial !broblasts and cells 
of both the adaptive and innate immune system, including macrophages, B-cells and 
T-cells, are thought to lead to the production of a broad spectrum of cytokines and che-
mokines61. In addition, recent evidence pointed at cartilage chondrocytes as potential 
sources for cytokine production62, which may also further potentiate the degenerative 
processes in an auto-and paracrine manner. In this thesis, we further explore the presence 
and production of several factors in native tissue, and in in vitro culture.

The classic in#ammatory and catabolic cytokines suggested to play a role in OA are 
IL-1' and TNF$63-65.  Although their negative e"ects on cartilage integrity have been 
extensively described in vitro, high, supra-physiological concentrations have usually 
been used, while actual concentrations measured in synovial #uid are ten- to thousand-
fold lower66-68. Furthermore, results from clinical trials using IL-1 inhibitors have been far 
from satisfactory69. Therefore, it seems likely that other soluble mediators are important. 
Other in#ammatory cytokines implicated in cartilage degeneration include IL-1$, on-
costatin M (OSM), IL-6 and interferon-% (IFN%)63, 70, 71. Also, chemokines, including CXCL8 
(IL-8), RANTES, MCP-1 and many more CC and CXC chemokines, have been implicated 
in cartilage degeneration, chondrocyte apoptosis and chondrocyte hypertrophy72, 73. In 
conjunction with obesity, a state of low-grade in#ammation is present and in#amma-
tory factors called adipokines are produced, which are thought to be instrumental in 
the pathogenesis of OA in obese patients74.  All these cytokines in turn can mediate 
extracellular matrix (ECM) degradation by chondrocytes through the induction of MMPs 
and their inhibitors (TIMPs) and aggrecanases and further amplify in#ammation by in-
ducing cytokine production by chondrocytes75-77.  In addition, matrix fragments released 
from the cartilage surface into the synovial #uid can trigger the innate immune system 
through activation of complement and activation of pattern recognition receptors 
called Toll-like receptors78-80. Chondrocytes and synovial cells express these receptors 
and binding of damage-associated molecular patterns (DAMPS) leads to activation of 
transcription factors of which nuclear factor-&B (NF-&B) has been recognized to be very 
important58. NF-&B activation in turn leads to the transcription of more in#ammatory 
cytokines, chemokines and inducible enzymes such as iNOS and cyclooxygenase (COX)-
2, many of which are again capable of inducing NF-&B. Ultimately, this may result in a 
vicious circle in which in#ammation is continuously propagated and matrix degradation 
increased, resulting in more in#ammation. In addition, many of the secreted cytokines 
inhibit matrix synthesis. This is illustrated by the !nding that synovial #uid from injured 
joints decreases chondrogenesis70, 81, 82. However, in#ammation has also been postulated 
to be required for tissue regeneration, including cartilage and bone83 and until now, very 
few studies have been carried out evaluating the actual e"ects of inhibiting in#ammation 
on cartilage production and maintenance, which was addressed in this thesis by using 
celecoxib, a COX-2 inhibitor. 
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Even if general inhibition of in#ammation may not result in a protective e"ect on 
joint cartilage, targeting speci!c factors may be a feasible option, as synovial #uid is 
known to contain a mix of inhibitory and stimulatory factors84. Mapping the synovial 
#uid pro!le in healthy and pathological joints may provide clues as to which factors may 
play a role. Although the presence of soluble mediators in the synovial #uid of patients 
with OA has been reasonably well described66, 84-86, very little is known about which 
factors are present in the synovial #uid of patients with symptomatic cartilage defects. 
This is remarkable since timely and proper recognition of patients at risk for impaired 
cartilage repair or progressive cartilage loss may also provide a window of opportunity 
to delay or prevent the development of OA. Characterizing these soluble mediators and 
exploring their e"ects on cartilage regeneration is crucial for optimal cartilage repair 
by the application/development of disease-modifying approaches that can be applied 
prior to or during cartilage repair techniques. We have evaluated a comprehensive panel 
of soluble mediators and compared their presence in patients with symptomatic defects to 
patients with OA and controls without joint pathology, and for some of these investigated 
their actual role in cartilage matrix metabolism. 

Selective targeting of soluble mediators and/or the use of small molecules to in#u-
ence the knee joint environment could be of great value to improve the outcomes of 
cartilage regeneration and prevent further cartilage loss. 

AIMS OF THIS THESIS

The studies presented in this thesis are directed at optimizing outcomes after cartilage 
repair by identifying the optimal surgical treatment and characterizing and modulating 
soluble mediators present during regeneration. To this end, several speci!c aims were 
de!ned.

Identifying the best surgical treatment

1. To compare clinical, histological and MRI outcome parameters of MACI versus micro-
fracture for repair of cartilage defects in the knee.

Characterizing and modulating soluble mediators to improve cartilage regeneration

2. To characterize the presence of soluble mediators present in the joint and produced 
during regeneration; identify possible di"erences between healthy donors and 
donors with cartilage damage and explore a possible relationship with the quality of 
cartilage regeneration
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3. To compare non-expanded and expanded chondrocytes in terms of cartilage matrix 
and cytokine production during regeneration in relation to commonly used bioma-
terials. 

4. To study the feasibility of targeting CXCL8, IL-6 and COX-2 activity during cartilage 
regeneration

OUTLINE OF THIS THESIS

Current treatments for focal cartilage defects include matrix assisted autologous chon-
drocytes implantation (such as MACI) and microfracture. Both provide good mid- to 
long-term outcomes, but there is no general consensus on which treatment is better. 
In Chapter 2, we present a large, open-label, multi-center, pan-European, randomized 
controlled clinical trial comparing MACI to microfracture. 

Clinical cartilage repair is unfortunately not always successful and histological carti-
lage repair is almost never as good as observed in experimental models. Most likely, this 
discrepancy can be explained by the disturbed joint environment in which regenera-
tion has to take place. In Chapter 3, we characterize the diseased joint environment by 
measuring soluble mediators present in the synovial #uid, cartilage and those produced 
by chondrocytes during regeneration, of patients with cartilage defects compared to 
donors without joint pathology and patients with OA. As the use of more di"erentiated 
cells has been suggested to result in better cartilage repair, we also evaluated di"eren-
tial expression of cytokines and growth factors in non-expanded and expanded cells 
and related these to regeneration capacity. 

In Chapter 4, we continue to explore the di"erences between non-expanded and 
expanded cells in terms of cartilage matrix and cytokine production, in response to four 
commonly used biomaterials for ACI. 

In Chapters 5 and 6, we studied the role of two of the cytokines found to be present in 
the joint and previously suggested to have negative e"ects on chondrocytes. The roles 
of CXCL8 (also known as IL-8) and IL-6 were evaluated during regeneration and in an 
osteoarthritic environment. 

The outcomes of cartilage repair procedures in OA heretofore have been disap-
pointing, likely because the osteoarthritic environment is particularly challenging for 
cartilage regeneration. Celecoxib is a speci!c COX-2 inhibitor suggested to have positive 
e"ects on tissue integrity by reducing in#ammation and possibly also enhance repair. In 
Chapter 7, we evaluate the e"ects of celecoxib on in#ammatory mediators and cartilage 
regeneration in several OA models. 
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ABSTRACT 

Background

Evidence for the e(cacy and safety of matrix applied characterized autologous cultured 
chondrocytes (MACI) implant versus microfracture for the treatment of cartilage defects 
was limited.

Purpose

To compare clinical e(cacy and evaluate the safety pro!le of the MACI implant versus 
microfracture in the treatment of patients with symptomatic articular cartilage defects 
of the knee.

Study Design

Randomized, controlled clinical trial; Level of evidence, 1.

Methods

Patients enrolled in the SUMMIT (Demonstrate the Superiority of MACI implant to 
Microfracture Treatment in patients with symptomatic articular cartilage defects in the 
knee) trial had *1 symptomatic focal articular cartilage defect (Outerbridge grade III 
or IV; *3 cm2) of the femoral condyles and/or trochlea, with a baseline Knee Injury and 
Osteoarthritis Outcome Score (KOOS) pain score of <55. The co-primary e(cacy end-
point was the change from baseline to 2 years for the KOOS pain and function (sports 
and recreational activities) subscales. Histological evaluation and MRI assessments of 
structural repair tissue, treatment failure, and the remaining 3 KOOS subscales were also 
assessed.

Results

Of the 144 patients who were treated, 95% completed the 2-year assessment. Patients 
had a mean age of 33.8 years and a mean lesion size of 4.8 cm2. The co-primary endpoint, 
the KOOS pain and function subscales, was signi!cantly better (pain LS mean: 11.76; 
function LS mean: 11.41; p=0.001) for the MACI implant versus microfracture groups. 
Signi!cantly better scores for the KOOS activities of daily living (p<0.001), quality of life 
(p=0.029) and other symptoms (p<0.001) were also observed for patients treated with 
the MACI implant than with the microfracture procedure. Repair tissue quality was good 
as assessed by histology/MRI but a di"erence could not be shown between treatments. 
A low number of treatment failures and no unexpected safety !ndings were reported. 
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Conclusions

Cartilage defect treatment using the MACI implant was clinically and signi!cantly better 
than the microfracture group, with similar structural repair and safety, when used to 
treat symptomatic cartilage knee defects in this large, randomized controlled trial.

Clinical Relevance

The MACI implant procedure o"ers a more e(cacious alternative than microfracture 
with a similar safety pro!le for the treatment of symptomatic articular cartilage defects 
of the knee.
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INTRODUCTION

Cell therapy has been an integral part of the technovolution87 of methods in cartilage 
repair, utilizing autologous chondrocytes to generate an e"ective repair tissue. Treating 
cartilage lesions is important as cartilage injury is prevalent and can lead to signi!cant 
pain and reduced function. In Europe and the US, the incidence of chondral defects has 
been shown to be approximately 60% in those undergoing arthroscopy2, 88-90. Articular 
cartilage has limited self-healing capacity due to its lack of access to blood stream91 
and dense matrix. If left untreated, cartilage lesions can become symptomatic and may 
progress to osteoarthritis92-95. 

The !rst autologous chondrocyte implantation (ACI) for cartilage repair was per-
formed 25 years ago18. Over time, the procedure has advanced to collagen-covered ACI 
(CACI; second-generation technology)96-98 and then to the matrix applied characterized 
autologous cultured chondrocytes (MACI; Genzyme Biosurgery, Cambridge, MA, USA) 
implant, a third-generation technology. Progression from the !rst- to second- to third-
generation technology resulted in added bene!ts to the patients; these include shorter 
procedure time, smaller incision size, more consistent cell seeding, less pain from peri-
osteal hypertrophy, and less adverse events (AEs) overall99-103. For the MACI implant, 
chondrocytes are cultured in monolayer and seeded on a collagen membrane, which is 
then implanted directly in the defect. Culturing cells on the membrane allows for their 
proliferation and redi"erentiation to a more chondrogenic phenotype after monolayer 
culture, and the cells are better !xed and distributed in the defect99, 104-106. Physical prop-
erties of the type I/III collagen membrane (ACI-Maix, Matricel GmbH, Germany) make it 
tear resistant and durable, but not self-adherent, and also permit the implant to be eas-
ily trimmed and handled99, 104, 105. Overall, good clinical outcomes and repair tissue have 
been shown with the MACI implant with a good safety pro!le, especially less periosteal 
hypertrophy than with the ACI procedure99-101, 107, 108. 

Microfracture (MFX), a bone marrow stimulating procedure developed before cell 
therapies109, is frequently used to repair speci!c cartilage injuries. While MFX provides 
good clinical outcomes, these are not always sustained20, 110, 111. Previous studies show 
that patients with smaller lesions have better clinical outcomes with MFX than patients 
with larger lesions112, whereas lesions on the trochlea do not improve as well as those on 
the femoral condyle110. Repair tissue with MFX has been shown to be !brous in nature,41 
compared with more hyaline-like repair tissue reported with the MACI implant99. In ad-
dition, intralesional osteophytes may result from MFX and could compromise any suc-
cessful clinical outcomes with the procedure. Microfracture may also negatively a"ect 
outcome of subsequent cell-based cartilage repair treatment113, 114. 

Conducting randomized controlled trials (RCTs) of surgical interventions in orthope-
dics is challenging. Most striking is the unethical nature of a control “placebo” or sham 
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surgery. Establishing appropriate controls is di(cult as di"erent surgical procedures may 
create di"erent-sized incisions or require a di"erent number of steps, such that blinding 
is impossible. Another challenge is the large placebo e"ect seen with sham surgeries. 
Unblinded healthcare providers must also maintain clinical equipoise so patients will 
not perceive or have expectations around receiving a bene!cial treatment. In our study, 
we attempt to address these issues in the largest, Good-Clinical-Practice, randomized, 
controlled trial with the highest power to date in cartilage repair, as per the guidance of 
regulatory agencies. 

Compared with most previous randomized trials of cell therapy versus MFX, this 
study uses a third generation technology, has higher statistical power with more pa-
tients, and includes larger lesion sizes. Although MFX is traditionally used for the treat-
ment of smaller lesions, clinicians also treat larger defects with MFX32, since there are 
few alternative treatment options. The primary objective of our study was to compare 
clinical e(cacy and safety of the MACI implant with microfracture in the treatment of 
patients with symptomatic articular cartilage defects.

MATERIALS AND METHODS

Study Design

The SUMMIT (Demonstrate the Superiority of MACI implant to Microfracture Treatment 
[SUMMIT] in patients with symptomatic articular cartilage defects in the knee) trial was a 
Good Clinical Practices (GCP), prospective, randomized, open-label, parallel-group, mul-
ticenter study conducted at 16 European sites (NCT00719576), with enrollment begin-
ning in May 2008. Articular cartilage defects of the medial femoral condyle (MFC), lateral 
femoral condyle (LFC) and/or trochlea were treated with the MACI implant procedure or 
arthroscopic MFX. The study protocol and informed consent form were approved by ap-
propriate national or local ethics committee at each study site. The study was conducted 
according to GCP and principles of the Declaration of Helsinki.

Patient Population

Male and female patients aged 18 to 55 years old with *1 symptomatic cartilage de-
fect and a baseline moderate to severe Knee Injury and Osteoarthritis Outcome Score 
(KOOS) pain score (<55) were included. Index defects were Outerbridge Grade III or IV 
focal cartilage defects on the MFC, LFC, and/or trochlea and were at least 3 cm2 in size. 
Osteochondritis dissecans (OCD) lesions were allowed if no bone graft was required. A 
stable knee was required; ligament repair or reconstruction procedures were allowed 
before or concurrently with study treatment. An intact or partial meniscus (*50%) was 
also required; meniscal repair or resection was allowed before or concurrently with the 
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cartilage repair procedure if *50% of functional meniscus was retained. All patients 
provided written informed consent before participating in the study.

Major exclusion criteria included any knee joint surgery within 6 months prior to 
screening (not including diagnostic arthroscopy); modi!ed Outerbridge Grade III or IV 
defect(s) on the patella or tibia; symptomatic musculoskeletal condition in the lower 
limbs that could impede e(cacy measures in the target knee joint; total meniscectomy, 
meniscal allograft, or bucket handle tear or displaced tear requiring >50% removal of 
the meniscus in the target knee; malalignment requiring an osteotomy to correct tibial-
femoral or patella-femoral alignment; Kellgren-Lawrence grade 3 or 4 osteoarthritis; 
in#ammatory disease or other condition a"ecting the joints; or septic arthritis within 1 
year prior to screening.

Surgical Procedures 

The control selected for e(cacy comparison was MFX as recommended by the FDA and 
EMA for this protocol and in their guidances115, 116. MFX is also universally considered a 
standard !rst-line therapy for cartilage repair, is widely available, and is used clinically in 
larger lesions, thus, re#ecting “real-world” experience.

At baseline arthroscopy (performed within 8 weeks of screening) to assess cartilage 
lesion and surrounding cartilage, biopsies were taken from all patients.Following bi-
opsies, eligible patients were intra-operatively randomized, using an interactive voice 
response system and computer-generated 1:1 randomization scheme, to the MACI 
implant or arthroscopic microfracture. The same surgical procedure was performed on 
any additional Outerbridge grade III and IV lesions in the target knee; lesions grade I or 
II were not treated or debrided only.

For the MACI implant procedure, a cartilage biopsy (approximately 200 mg) was 
aseptically harvested from a minor or non-weightbearing, healthy area of the femoral 
condyle. The biopsy was sent to Genzyme Biosurgery (Cambridge, MA, USA) where au-
tologous chondrocytes were isolated, cultured and seeded onto a puri!ed, resorbable, 
porcine-derived collagen type I/III membrane (ACI-Maix, Matricel GmbH, Germany). The 
!nal MACI product was a 20 cm2 (5 x 4 cm) membrane seeded with 500,000 to 1 million 
cells per cm2. 

The MACI implant procedure was performed via mini-arthrotomy 4 to 8 weeks after 
baseline arthroscopy. Brie#y, the lesions were debrided back to a vertical rim of stable, 
healthy cartilage without breaching the subchondral bone. The shape and size of the 
lesion(s) were assessed and a template for each lesion was created. The MACI implant 
was trimmed to the correct size and shape of the defect, and placed down into the 
debrided base of the defect with the cells facing the subchondral bone. The implant was 
then secured in place using a thin layer of !brin sealant on the base and edges of the 
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defect, and stability of the implant checked while fully extending and #exing the knee 
a number of times. 

Microfracture was performed at the time of arthroscopy strictly according to the 
technique described by Steadman et al109. In brief, the lesion was debrided back to 
stable, healthy cartilage avoiding damage to the subchondral bone. Multiple fracture 
holes were made in the subchondral bone with a sharp surgical awl so that the centers 
of the holes were 3 to 4 mm apart and 4 mm deep. All surgeons were trained on all 
surgical procedures, which we standardized for the study.

Second-look arthroscopy was used to assess the knee joint according to the Inter-
national Cartilage Repair Society (ICRS) macroscopic evaluation criteria and obtain a 
biopsy of repair tissue at year 2 to be scored independently and blinded to treatment 
origin using the ICRS II histological outcome score. 

Rehabilitation

The 4-phase, standardized rehabilitation program was the same for both treatment 
groups, based on a report by Steadman et al.117, but was individualized for each patient. 
Patients progressed through the program at di"erent rates based on lesion size, lesion 
location, pre-operative duration of symptoms, physical condition, patient motivation, 
and the expected course of healing for the procedure employed. Only when certain 
goals were reached at the end of each rehabilitation stage were the patients allowed to 
progress to the next stage.

The 4 rehabilitation phases were designed to avoid deleterious forces to the repair 
site and to promote a gradual and safe return to function and activity. The focus of the 
early protection phase (Phase I: weeks 0-6) was to protect the new repair tissue and to 
restore joint homeostasis using restricted weight-bearing and range of motion exercises. 
Patients moved on to the transition phase (Phase II: weeks 6-12) when they attained full 
passive knee extension and knee #exion to 120° with minimal pain and swelling, and 
were able to perform quadriceps set exercises with good contraction and no lag. The 
focus of this second phase was to restore full range of knee motion and to begin to 
work on muscle strength using exercises that gradually increased in weight-bearing and 
range of motion.

The remodeling phase (Phase III: weeks 12-26) was started when patients attained 
a full range of motion with minimal pain and swelling, and when they reached 20% 
hamstring strength and 30% quadriceps strength of the contralateral leg, as well as be-
ing within 30% of balance testing of the contralateral leg. Patients also had to be able 
to walk 1-2 miles or ride a bike for 30 min. The focus of the remodeling phase was to 
improve muscle strength and endurance and to reintroduce activities, while monitoring 
the increase in activity. Finally, patients with full range of motion, achieving strength 
80-90% of contralateral leg, and balance 75-80% of contralateral leg with no pain, in-
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#ammation or swelling moved on to the maturation phase (Phase IV: weeks 26-52). In 
this last phase, the patients were allowed to participate in full unrestricted activity by 
developing programs based on the patient needs and type of activity (low impact sports: 
4-6 months; moderate impact sports: 8 months; high impact sports: 12-18 months).

Study Endpoints

The primary e(cacy analysis was based on a co-primary endpoint of change from base-
line to year 2 for the patient’s KOOS pain and function (sports and recreational activities) 
scores. A response rate based on KOOS pain and function scores at year 2 and earlier 
time points was one of the secondary endpoints (responder de!ned as a *10-point 
improvement in both the KOOS Pain and Function subscales).

Other prede!ned secondary endpoints included the histological evaluation of 
structural repair biopsies harvested from the core of the index lesion (year 2), as mea-
sured by the macroscopic ICRS overall assessment; MRI assessments of structural repair 
parameters at baseline, and at years 1 and 2, and change from baseline to years 1 and 2 
for degree of defect !ll, degree of repair tissue integration with adjacent native cartilage, 
and signal intensity of the repair tissue relative to adjacent native cartilage as measured 
using the Whole Organ MRI (WORMS) score118 (the Magnetic Resonance Observation 
of Cartilage Repair Tissue (MOCART) scoring system119 was not available at the time of 
study design); treatment failure rate at year 2 and earlier time points; change from base-
line in KOOS pain and function at earlier time points; and change from baseline in KOOS 
activities of daily living (ADLs), knee-related quality of life (QOL), and other symptoms at 
year 2. Both histology and MRI measures were evaluated in a blinded fashion. Patients 
were de!ned as a treatment failure if, at any time after week 24, they had a patient and 
physician global assessment the same or worse than baseline, a <10% improvement in 
KOOS pain, physician-diagnosed failure ruling out all other potential etiologies, and the 
physician decided that surgical re-treatment was needed.

Other study endpoints included change from baseline in KOOS pain, symptoms, 
knee-related QoL, ADLs subscales at earlier time points (weeks 24, 36, 52, and 78); 
change from baseline to years 1 and 2 in the overall knee condition using the Modi!ed 
Cincinnati Knee Rating System120, International Knee Documentation (IKDC)121, 12-Item 
Short Form Health Survey (SF-12)122, and European Quality of Life (EuroQOL) 5 dimen-
sions questionnaire (EQ-5D); and Macroscopic ICRS cartilage repair assessment score in 
patients having a biopsy taken via arthroscopy at year 2.

Patients were evaluated for adverse events (AEs) at each study visit. An AE was de-
!ned as any undesirable physical, psychological or behavioral e"ect experienced by a 
patient during the study period, independent of treatment relatedness. Adverse events 
were fully described and recorded by severity, duration, and relationship to treatment, 
and were considered treatment emergent if the AE began or worsened after treatment. 
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All AEs were categorized with the Medical Dictionary for Regulatory Activities (MeDRA). 
Adverse events were considered serious if they were life threatening, required in-patient 
hospitalization, resulted in signi!cant disability, or might otherwise jeopardize the pa-
tient. Subsequent surgical procedures (SSPs) were those performed on the target knee 
during the study; SSPs were not considered treatment failure but were classi!ed as a 
serious AE.

Statistical Analysis 

To power the study at 85% to detect a di"erence between groups, a sample size was 
estimated at a total of 144 patients (72 patients per arm) based on the change from 
baseline to year 2 in the co-primary e(cacy endpoints of KOOS pain and function with 
an alpha of 0.05 (and accounting for patient study discontinuation), assuming a di"er-
ence of 12 points each for KOOS pain and function with SDs of 20 and 30, respectively, 
and a correlation coe(cient of 0.56 between the co-primary endpoints.

All patients who were randomized and treated were analyzed. The co-primary end-
point was analyzed with SAS® (Cary, NC, USA) using a multivariate analysis of variance 
(MANOVA) model and the last observation carried forward (LOCF) approach.The !nal 
MANOVA model included treatment, study site, and baseline KOOS scores. All other 
changes in the KOOS subscales at all other time points were analyzed using analysis of 
variance (ANOVA) and LOCF. Di"erences between groups were tested by MANOVA and 
the Cochran-Mantel-Haenszel 2 test for histology, and by Cochran-Mantel-Haenszel 2 
test for the proportions of responders and defect !ll. The Cochran-Mantel-Haenszel 2 
was also used to analyze di"erences in response rates between groups by lesion size (>4 
cm2, >5 cm2), lesion location (MFC/LFC/trochlea), and osteochondritis dissecans (OCD) 
etiology (yes/no). 

Predictor variables were also tested post hoc on the co-primary endpoint changes 
from baseline using multivariate analysis of covariance (MANCOVA) with treatment and 
center as !xed e"ects and baseline KOOS pain and function, age, total defect size, occur-
rence of previous surgery, duration of symptoms and index lesion location as covariates. 
Only signi!cant covariates at a 0.05 level were included in the !nal model. The Wilk’s 
Lambda test statistic and associated p-value were used to test the statistical signi!cance 
for the co-primary endpoints between MACI and microfracture. 

Di"erences between treatment groups for treatment failure were not tested because 
of the low number of failures. 
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RESULTS

Patient and Lesion Characteristics

A total of 144 patients were enrolled in the study and treated with the MACI implant 
(n=72) or microfracture (n=72; Figure 1). Most of the patients (95%; 137/144) completed 
a full 2 years of the study (MACI implant [n=70], microfracture [n=67]). No patients 
treated with the MACI implant discontinued due to lack of e(cacy compared with 3 
patients treated with MFX. Patients had a mean age of 33.8 years and a mean BMI of 26 
kg/m2, and 65% were male and all were of Caucasian origin (Table 1). The onset of symp-
toms before current treatment was a mean of almost 6 years for the MACI implant group 
and almost 4 years for the MFX group. More patients in the MFX group (37.5%) than in 
the MACI implant group (23.6%) had a sports activity level rated as highly competitive 
prior to onset of symptoms; slightly more patients in the MACI implant group (55.6%) 
were at a recreational activity level than in the MFX group (44.4%). Mean baseline scores 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1: Patient Disposition
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for KOOS pain and KOOS function were 37.0 and 14.9 in the MACI implant arm, and 35.5 
and 12.6 in the microfracture arm, respectively.

Lesions had a mean size of 4.8 cm2, and most were located on the MFC or LFC as 
opposed to the trochlea (Table 1); the majority of lesions (66.7%) were completely con-
tained (Table 1). Acute trauma was the most common underlying etiology for the lesions 
(54.2%) followed by chronic degeneration and osteochondritis dissecans.

Table 1: Patient and Lesion Characteristics 

MACI implant
(n=72)

Microfracture
(n=72)

Patients

Age (years), mean ± SD 34.8 ± 9.2 32.9 ± 8.8

Gender, % male 62.5 66.7

Race, % White 100 100

BMI (kg/m2), mean ± SD 26.2 ± 4.3 26.4 ± 4.0

Duration of symptoms (years)

 Mean (range) 5.8 (0.05 –28.0) 3.7 (0.1 – 15.4)

Baseline KOOS pain 37.0 ± 13.5 35.5 ± 12.1

Baseline KOOS function 14.9 ± 14.7 12.6 ± 16.7

Lesions

Index lesion size (cm2), mean ± SD 4.9 ± 2.8 4.7 ± 1.8

Total defect surface area (cm2), mean ± SD 5.8 ± 5.1 5.3 ± 2.5

Location, n (%)

MFC 54 (75.0) 53 (73.6)

LFC 13 (18.1) 15 (20.8)

Trochlea 5 (6.9) 4 (5.6)

Etiology, n (%)

 Acute trauma 33 (45.8) 45 (62.5)

 Chronic degeneration 18 (25.0) 9 (12.5)

 Osteocondritis dissecans 8 (11.1) 12 (16.7)

 Unknown 9 (12.5) 6 (8.3)

 Other 4 (5.6) 0

Outerbridge grade, n (%)

III 21 (29.2) 15 (20.8)

IV 51 (70.8) 57 (79.2)

Lesion Containment, n (%)

Completely contained 50 (69.4) 46 (63.9)

 Partially contained 22 (30.6) 26 (36.1)

KOOS: Knee Injury and Osteoarthritis Outcome Score; LFC: lateral femoral condyle; MACI: matrix applied 
characterised autologous cultured chondrocytes; MFC: medial femoral condyle; SD: standard deviation.
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Prior and concurrent procedures are listed in Table 2. The most common prior surgical 
procedures were diagnostic arthroscopy, debridement of cartilage lesion, microfracture, 
and loose body removal. The most common concomitant procedures were loose body 
removal, partial medial meniscectomy, and graft reconstruction during cartilage biopsy 
or implantation; and loose body removal and synovectomy/synovial plica excision dur-
ing the core biopsy at year 2. 

KOOS Pain and Function

Two years after treatment, the improvement with the MACI implant over MFX in the 
co-primary endpoint was clinically and statistically signi!cant (p=0.001), with the KOOS 
pain being 11.76 (LS mean) and KOOS function (sports and recreation) being 11.41 (Table 
3). Changes in KOOS pain and function at year 2 are shown in Figure 2. The signi!cant 
improvement for the MACI implant over MFX was observed for KOOS pain and function 
as early as 36 weeks (p<0.03), and was maintained at 52 weeks (p<0.025; Figure 3) and 
out to 104 weeks.

The percentage of patients who responded to treatment at year 2, with at least a 
10-point improvement from baseline in both KOOS pain and function scores (Figure 
4), was signi!cantly greater (p=.016) for the MACI implant group (87.5%) than the MFX 
group (68.1%). The trend towards a signi!cantly better response rate for the MACI im-
plant compared with MFX was also evident at 78 weeks (p=0.098).

Predictors’ subanalysis of the response rates were performed using patient and lesion 
characteristics (Table 4). When response rates were analyzed by patient characteristics, 
signi!cantly more patients responded with the MACI implant than with MFX when 
patients were male, younger than 34.5 years (median age), only had 1 lesion, had lesions 
resulting from acute trauma, had 1 prior surgery, or had duration of symptoms lasting 
more than 3 years. Response rates were not signi!cantly di"erent between patients with 
or without prior cartilage surgeries. When analyzed by lesions characteristics, signi!-
cantly more patients responded with the MACI implant compared with MFX when their 
lesions were >4 cm2, on the MFC, and not of OCD origin.

Analysis of lesion size and etiology as response predictors based on mean change 
from baseline of the co-primary endpoint showed signi!cant improvements with the 
MACI implant versus MFX in patients with lesions 3 to +6 cm2 (p=0.002), with acute 
trauma (p=0.046), with no chronic degeneration (p=0.007), with no concurrent surgery 
(p=0.004), and with longer symptom duration (p=0.018), while improvements were not 
signi!cantly di"erent in patients with larger lesions (6-10 cm2), without acute trauma, 
with chronic degeneration, with a concurrent surgery, or with shorter symptom dura-
tion. No di"erence in response predictors was observed when analyzed by days since 
last surgery between the treatments. 
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Table 2: Most Frequent Prior and Concomitant Procedures 

MACI implant
(n=72)

Microfracture
(n=72)

Patients with prior procedure, n (%) 65 (90.3) 60 (83.3)

Prior procedures 

Diagnostic arthroscopy 35 (53.8) 28 (46.7)

Debridement 20 (30.8) 13 (21.7)

Partial meniscectomy, medial 17 (26.2) 7 (11.7)

Loose body removal 16 (24.6) 13 (21.7)

Microfracture 12 (18.5) 18 (30.0)

Shaving 12 (18.5) 12 (20.0)

Other 11 (16.9) 10 (16.7)

ACL repair 9 (13.8) 5 (8.3)

Lavage 7 (10.8) 1 (1.7)

Subchondral drilling 7 (10.8) 4 (6.7)

Synovectomy/synovial plica excision 5 (7.7) 4 (6.7)

Partial meniscectomy, lateral 4 (6.2) 7 (11.7)

Fixation of OCD fragment 4 (6.2) 2 (3.3)

Hardware removal 4 (6.2) 3 (5.0)

Abrasion arthroplasty 2 (3.1) 0

Lateral release of patella retinaculum 2 (3.1) 2 (3.3)

Osteochondral autograft 2 (3.1) 0

Biopsy harvest for ACI 1 (1.5) 0

Bone graft 1 (1.5) 0

Lateral meniscal repair 1 (1.5) 0

Patella tracking 0 1 (1.7)

Medial meniscal repair 0 1 (1.7)

Medial collateral ligament repair 0 1 (1.7)

Concomitant procedures

During index biopsy or implantation 26 (36.1) 22 (30.6)

Loose body removal 7 (26.9) 9 (40.9)

Synovectomy/synovial plica excision 6 (23.1) 3 (13.6)

Partial medial meniscectomy 6 (23.1) 4 (18.2)

Graft reconstruction 4 (15.4) 6 (27.3)

Other 4 (15.4) 3 (13.6)

Partial lateral meniscectomy 2 (7.7) 4 (18.2)

Lateral release of patella retinaculum 0 1 (4.5)

During week 104 biopsy 19 (26.4) 17 (23.6)

Other 13 (68.4) 13 (76.5)

Loose body removal 6 (31.6) 5 (29.4)

Synovectomy/synovial plica excision 2 (10.5) 3 (17.6)

Partial medial meniscectomy 1 (5.3) 0

Partial lateral menisectomy 0 1 (5.9)

ACI: autologous chondrocyte implantation; ACL: anterior cruciate ligament; MACI: matrix applied charac-
terised autologous chondrocytes; OCD: osteochondritis dissecans.
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Other Clinical Outcomes

Year 2 mean improvements from baseline in the other KOOS subscales (ADL, QOL, and 
other symptoms) were signi!cantly better for patients treated with the MACI implant 
versus MFX (p<0.001, p=0.029, and p<0.001 respectively; Figure 3). At 24 weeks, mean 
improvement for the other symptoms subscale was already signi!cantly better for the 
MACI implant group compared with the MFX group (p=0.031) and a trend towards 
signi!cantly greater improvement (p=0.078) was seen for ADL. At 36 weeks, signi!cant 
improvements from baseline were observed for ADL and other symptoms but not for 

Table 3: Mean Scores (± SD) for Patient-Reported Outcomes with the MACI Implant and Microfracture 
at Baseline and Year 2

MACI implant Microfracture

Baseline n Year 2 n Baseline n Year 2 n LS Mean 
Di!erence

p-
Value*

KOOS subscales

Pain 37.0 ± 13.5 72 82.5 ± 16.2 72 35.5 ± 12.1 71 70.9 ± 24.2 70 11.76 0.001†

Function 14.9 ± 14.7 72 60.9 ± 27.8 72 12.8 ± 16.7 71 48.7 ± 30.3 70 11.41

Activities of 
Daily Living

43.5 ± 18.2 72 87.2 ± 16.5 72 42.6 ± 19.6 72 75.8 ± 24.2 71 12.01 <0.001

Knee Quality 
of Life

18.8 ± 14.7 72 56.2 ± 23.9 72 17.2 ± 14.1 72 47.3 ± 27.0 71 8.98 0.029

Other 
Symptoms

48.3 ± 16.9 72 83.7 ± 14.0 72 44.4 ± 18.6 72 72.2 ± 19.5 71 11.61 <0.001

Modi!ed 
Cincinnati Knee 
Rating System

3.0 ± 1.2 72 6.4 ± 2.1 72 3.0 ± 1.2 72 5.4 ± 2.2 71 1.05 0.002

IKDC Subjective 
Knee Evaluation

32.9 ± 13.3 71 65.7 ± 18.5 72 29.3 ± 13.4 72 58.8 ± 22.3 71 5.94 0.069

SF-12 Physical 
Component 
Score

-1.77 ± 
0.86

72 -0.32 ± 0.89 72 -1.93 ± 0.82 69 -0.82 ± 
1.12

71 0.51 0.001

SF-12 Mental 
Component 
Score

0.04 ± 1.2 72 0.45 ± 0.9 72 -0.17 ± 1.3 69 0.49 ± 1.0 71 -0.09 0.523

EQ-5D Visual 
Analogue Scale 
Score

60.8 ± 20.9 72 77.5 ± 15.3 72 56.2 ± 22.1 72 73.4 ± 18.4 70 3.75 0.148

*p-value for di"erence between treatments in LS means for change from baseline to year 2.
†p-value for co-primary endpoint (KOOS pain and function) for di"erence between treatments in LS means 
for change from baseline to year 2.
EQ-5D: European Quality of Life (EuroQOL) 5 dimensions questionnaire; IKDC: International Knee 
Documentation Committee, KOOS: Knee Injury and Osteoarthritis Outcome Score; MACI: matrix applied 
characterised autologous cultured chondrocytes; SF-12: 12-Item Short-Form Health Survey
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QOL. At 52 and 78 weeks, mean improvements were signi!cantly better for all KOOS 
subscales for the MACI implant group compared with the MFX group.

The improvements in the modi!ed Cincinnati score from baseline to year 1 and 2 were 
signi!cantly better with the MACI implant (p=0.018 and p=0.002, respectively) than with 
MFX (Table 3). Similarly, the change from baseline in IKDC scores was signi!cantly better 
in patients treated with the MACI implant at year 1 (p=0.009) than patients treated with 
MFX, although this di"erence was no longer signi!cant at year 2 (p=0.069).

Signi!cantly better SF-12 physical health scores from baseline to year 1 and 2 were 
observed for the MACI implant group (p=0.029 and p=0.001, respectively) compared 
with the MFX group, but no signi!cant di"erence (p=0.209 and p=0.523, respectively) in 
mental health scores were observed between the 2 groups (Table 3). Increases in EQ-5D 
VAS scores from baseline to year 2 were similar for both groups. There was no signi!cant 
di"erence in the mean improvement in overall health status at year 1 (p=0.335) or at 
year 2 (p=0.148) from baseline.

No analyses were conducted with regard to treatment failure rates and time to treat-
ment failure between the 2 treatment groups because of the small number of treatment 
failure cases. Only 2 patients in the MFX group were deemed treatment failures and no 
patients in the MACI implant group were considered treatment failures.
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Figure 2: Changes from baseline to Year 2 in all Knee Injury and Osteoarthritis Outcome Score (KOOS) sub-
scales for patients treated with the matrix applied characterised autologous cultured chondrocytes (MACI) 
implant or microfracture
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Figure 3: Mean (95% CI) Knee Injury and Osteoarthritis Outcome Score (KOOS) pain (A) and function (B) 
improvement over time for patients treated with the matrix applied characterised autologous cultured 
chondrocytes (MACI) implant or microfracture. A signi!cant improvement (p<0.030) was observed for the 
MACI group compared with the MFX group for the KOOS Pain and Function at year 1, which was maintained 
to year 2 (p<0.025).
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Repair Tissue Assessment

One hundred sixteen patients (MACI implant n=60; MFX n=56) had a second-look ar-
throscopy and biopsy (Figure 1). Overall, structural repair tissue was very good; however, 
the mean microscopic ICRS II overall assessment score between the 2 groups (63.8 versus 
62.3; LS mean di"erence 1.52) was not signi!cantly di"erent (p=0.717). However, greater 
ICRS II overall assessment scores were observed at year 2 for patients treated with the 
MACI implant versus MFX if they had had >1 prior cartilage repair surgery, whereas 
patients treated with MFX versus the MACI implant did better if they had lesions located 
at the trochlea, osteochondritis dissecans lesions, and no prior cartilage repair surgery. 

Repair tissue assessment at year 2 with the macroscopic ICRS II cartilage repair scores 
showed similar scores between the 2 groups, with no signi!cant di"erence in overall 
repair assessment, degree of defect repair, graft integration to border zones, and macro-
scopic appearance (Table 5). Approximately 76% of patients in the MACI implant group 
had nearly normal (Grade II) or normal (Grade I) for the overall repair assessment versus 
60% in the MFX group. Conversely, 22.2% of patients in the MFX group had an abnormal 
(Grade III) or severely abnormal (Grade IV) assessment compared with 12.5% in the 
MACI implant group, although the MFX group has more missing (18% versus 11%). The 
majority of patients had a degree of defect repair that was in line with the surrounding 
cartilage, showed graft integration to border zones that was either complete or with a 
smaller than 1 mm demarcating border, and had repair tissue with an intact smooth or 
!brillated surface.

MRI evaluation of structural repair was performed in 134 patients at year 1 and in 139 
patients at year 2 (Figure 1). MRI evaluation of structural repair at year 1 and 2 showed 
improvement in defect !lling for both treatment groups but with no statistically signi!-
cant di"erences. Two years after treatment, 83% of patients in the MACI group and 77% 
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of patients in the MFX group showed a degree of defect !ll that was more than 50% of 
the defect depth.

Table 4: Response Rates* with MACI Implant and Microfracture at Year 2

Response rates, % patients (n/N)

MACI implant MFX p-value

Overall 87.5 (63/72) 68.1 (49/72) 0.016

Patient Characteristics

Gender Male 91.1 (41/45) 68.8 (33/48) 0.012

Female 81.5 (22/27) 66.7 (16/24) 0.465

Median Age <34.5 years 91.2 (31/34) 68.4 (26/38) 0.027

*34.5 years 84.2 (32/38) 71.9 (23/34) 0.210

Acute Trauma Yes 87.9 (29/33) 55.8 (24/45) 0.004

No 87.2 (34/39) 92.6 (25/27) 0.483

No. of Lesions 1 90.0 (45/50) 65.5 (36/55) 0.006

>1 81.8 (18/22) 76.5 (13/17) 0.964

Prior Cartilage Surgeries No 90.0 (27/30) 74.2 (23/31) 0.386

1 87.0 (20/23) 67.9 (19/28) 0.110

>1 84.2 (16/19) 53.9 (7/13) 0.061

Prior Surgeries No 100 (11/11) 92.3 (12/13) 0.347

1 100 (12/12) 62.5 (10/16) 0.027

>1 81.6 (40/49) 62.8 (27/43) 0.087

Symptoms Duration +3 years 81.8 (27/33) 68.9 (21/45) 0.323

>3 years 92.1 (35/38) 66.7 (18/27) 0.017

Lesion characteristics

Size >4 cm2 97.1 (34/35) 77.4 (24/31) 0.014

+4 cm2 78.4 (29/37) 60.9 (25/41) 0.225

>5 cm2 95.2 (20/21) 76.2 (16/21) 0.078

+5 cm2 84.3 (43/51) 64.7 (33/41) 0.067

>6 cm2 100.0 (9/9) 86.7 (13/15) 0.253

+6 cm2 85.7 (54/63) 63.2 (36/57) 0.015

Location MFC 87.0 (47/54) 66.0 (35/53) 0.034

LFC 92.3 (12/13) 73.3 (11/15) 0.191

Trochlea 80.0 (4/5) 75.0 (3/4) 0.858

OCD Yes 87.5 (7/8) 91.7 (11/12) 0.761

No 87.5 (56/64) 63.3 (38/60) 0.006

*Patients were considered responders if they had *10-point improvement over baseline in KOOS pain and 
function scores. 
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Safety 

No unexpected safety events were reported. Treatment-emergent AEs (TEAEs) were 
observed in 55 patients (76.4%) in the MACI group and 60 patients (83.3%) in the MFX 
group. Most treatment-emergent AEs were of moderate or mild intensity. The most 
common TEAEs (Table 6) were arthralgia (57.6%), headache (23.6%) and nasopharyngitis 
(11.8%). The incidence of TEAEs considered related to study treatment was comparable 
between the 2 treatment groups (MACI: 34.7% and MFX: 38.9%). The most common 

Table 5: Macroscopic ICRS Cartilage Repair Assessment Scores

n (%) MACI implant (n=72) Microfracture (n=72)

Overall Repair Assessment

 Grade I (Normal) 14 (19.4) 8 (11.1)

 Grade II (Nearly normal) 41 (56.9) 35 (48.6)

 Grade III (Abnormal) 4 (5.6) 12 (16.7)

 Grade IV (Severely abnormal) 5 (6.9) 4 (5.6)

 Missing 8 (11.1) 13 (18.1)

Degree of Defect Repair

 In Line With Surrounding Cartilage 45 (62.5) 45 (62.5)

 75% Repair of Defect Depth 10 (13.9) 10 (13.9)

 50% Repair of Defect Depth 4 (5.6) 4 (5.6)

 25% Repair of Defect Depth 4 (5.6) 4 (5.6)

 0% Repair of Defect Depth 1 (1.4) 1 (1.4)

 Missing 8 (11.1) 8 (11.1)

Graft Integration to Border Zones

 Complete Integration 21 (29.2) 15 (20.8)

 Demarcating Border <1 mm 20 (27.8) 20 (27.8)

 , Integrated, - With Border >1 mm 14 (19.4) 13 (18.1)

 . Integrated, . With Border >1 mm 3 (4.2) 7 (9.7)

 No Contact to - Integrated 6 (8.3) 4 (5.6)

 Missing 8 (11.1) 13 (18.1)

Macroscopic Appearance

 Intact Smooth Surface 25 (34.7) 16 (22.2)

 Fibrillated Surface 21 (29.2) 22 (30.6)

 Small, Scattered Fissures 13 (18.1) 13 (18.1)

 Several Small or Few but Large Fissures 3 (4.2) 5 (6.9)

 Total Degeneration of Grafted Areas 2 (2.8) 3 (4.2)

 Missing 8 (11.1) 13 (18.1)

ICRS: International Cartilage Repair Society; MACI: matrix applied characterised autologous cultured chon-
drocytes
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related TEAEs were treatment failure, arthralgia, and joint swelling. In each group, 1 
patient (1.4%) discontinued the study prematurely because of treatment-emergent AEs.

Treatment-emergent serious AEs were reported more frequently in the MFX group 
(26.4%) than in the MACI group (15.3%), which was attributed to treatment failure, 
cartilage injury, and arthralgia in the MFX group. No deaths occurred in this study.

The number of patients with at least 1 SSP was not signi!cantly di"erent (p=.0427) 
between the MACI group (8.3%) and the MFX group (9.7%). Two SSPs were experienced 
by 2 MFX patients, but by no MACI patient. Increasing age signi!cantly decreased the 
likelihood of at least 1 SSP occurring (p=0.038).

DISCUSSION

Our study demonstrates that cartilage defect treatment using the MACI implant is clini-
cally and statistically signi!cantly better than MFX for treating symptomatic cartilage 
defects of the knee, meeting our study’s prede!ned co-primary endpoint. Overall, pa-
tients treated with the MACI implant had superior KOOS scores covering all 5 subscales 
(Pain, Function, ADL, QoL, and Other Symptoms) than patients treated with MFX after 2 
years. Additionally, signi!cantly more patients in the MACI implant group had a 10-point 
improvement or more in both their KOOS pain and function scores versus those in the 
MFX group. More patients responded when treated with the MACI implant than with 

Table 6: Most Frequently Reported (>5%) Treatment-Emergent Adverse Events

Adverse event
n (%)

MACI implant
n=72

Microfracture
n=72

Any TEAE 55 (76.4) 60 (83.3)

Arthralgia 37 (51.4) 46 (63.9)

Headache 13 (18.1) 21 (29.2)

Nasopharyngitis 10 (13.9) 7 (9.7)

Back pain 8 (11.1) 7 (9.7)

Joint swelling 7 (9.7) 4 (5.6)

Joint e"usion 5 (6.9) 4 (5.6)

In#uenza 4 (5.6) 5 (6.9)

Pyrexia 4 (5.6) 2 (2.8)

Cartilage injury 3 (4.2) 9 (12.5)

Procedural pain 3 (4.2) 4 (5.6)

Ligament sprain 2 (2.8) 4 (5.6)

Abdominal pain 0 (0.0) 5 (6.9)

TEAE: treatment-emergent adverse event
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MFX if they were male, young, had symptoms for more than 3 years, had lesions result-
ing from trauma, larger than >4 cm2, located on the MFC, and not of OCD in origin. 

Scores for the modi!ed Cincinnati Knee Rating System, and SF-12 physical compo-
nent score also improved signi!cantly more with the MACI implant than with MFX. In 
addition, no treatment failures were reported for the MACI group compared with 2 in 
the MFX group as per the failure protocol de!nition. Further, repair tissue with the MACI 
implant also showed good structural outcomes, although not statistically di"erent than 
with MFX. Finally, the safety pro!le was similar between the groups and no unexpected 
safety issues were encountered.

Our better outcomes with the MACI implant versus MFX are consistent with the 
results from the recent smaller randomized trial of Basad et al123. In their study (N=60) 
treating single, isolated, symptomatic chondral defects of the femoral condyle or patella, 
the Lysholm, Tegner, and patient and surgeon ICRS scores improved signi!cantly more 
with the MACI implant than with MFX after 2 years123. In a case series of 34 patients, the 
Lysholm-Gillquist score improved by more points with the MACI implant than with MFX 
(48 versus 29)124. Unlike these comparator studies, ours is a more rigorous, multicenter, 
pragmatic study with MRI and histology endpoints that may help change cartilage 
repair treatment policy.

Historical series and cohort studies have also shown good outcomes with cartilage 
cell therapy. However in randomized comparisons, patient-reported outcomes have 
been shown for the most part to be similar between earlier generation ACI technology 
and MFX13, 31. Vanlauwe and colleagues, found no statistical di"erence in a combined 
KOOS score for the overall group of patients who were treated with characterized chon-
drocyte implantation (CCI) or microfracture after 5 years31. Similarly, in a study reported 
by Knutsen and colleagues, clinical outcomes were similar between ACI and MFX at 5 
years; but at 2 years, the SF-36 physical component was better with MFX than with ACI13. 
While previous studies with MFX show good clinical outcomes125, 126, some reports show 
that such improvements are not always sustained110, 111, 127-129. In 3-year studies by Kreuz 
et al., clinical results were shown to deteriorate between the 18- and 36-month time 
points, which depended on the age of the patient and/or location of the lesion110, 128. In 
a 48-month study, Mithoefer and colleagues found that while various clinical outcomes 
improved up to 24 months after MFX, not all were maintained after 24 to 36 months111.

Good clinical outcomes reported with the MACI implant in our study are also similar 
to those reported in previous MACI implant case series. Marlovits and colleagues101 
reported good clinical outcomes with few complications, and a low rate of treatment 
failure in a 5-year follow-up study of patients treated with the MACI implant procedure. 
Consistent with our study, the patients had signi!cant improvement from baseline on all 
KOOS subscales, modi!ed Cincinnati, and IKDC, as well as signi!cant improvements in 
the Tegner-Lysholm scores as early as 1 year after treatment101. In another 5-year follow 
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up of MACI-implant/treated knee chondral defects100, patients demonstrated signi!cant 
improvements from baseline 2 years later, which were maintained to 5 years in all 5 KOOS 
subscales, both mental and physical component scores of SF-36, ROM knee extension, 
and a 6-minute walk test. Good clinical outcomes after MACI were also demonstrated in 
a 2-year study, also reported by Ebert and colleagues107, where patients who followed 
a traditional or an accelerated rehabilitation program had similar improvements from 
baseline in KOOS scores, SF-36, and VAS scores at 2 years, but signi!cantly less pain over 
time was seen for those in the accelerated versus the more traditional rehabilitation 
program. In a follow-up study of these patients, signi!cant improvements from baseline 
in the reported KOOS subscales (sports and recreation, and quality of life) were still 
evident at 5 years130. 

Of the previous studies described above that reported safety, the MACI implant 
provided a good safety pro!le, similar to our study100, 101, 123. In one study, typical postop-
erative swelling and e"usion was observed in patients, but resolved within 4 weeks of 
the MACI procedure101. In another study, 2 patients developed a deep vein thrombosis 
early after treatment while 1 patient developed a postoperative hematoma; all patients 
recovered without sequelae100. In all of the studies, no deaths occurred100, 101, 123. 

Bene!cial results with MFX here are also consistent with previous MFX studies show-
ing good clinical outcomes125, 126; however, some reports show that such improvements 
with MFX are not always sustained past 18-24 months, unlike what we found110, 127, 128. 

Our analysis of predictors by response rate showed that more patients with longer 
duration of symptoms (>3 years) or younger age (< 34.5 median age) improved with 
MACI vs. MFX. However, Vanlauwe and colleagues found that patients with less time 
since symptom onset (<3 years versus *3 years) did better with CCI than with MFX, while 
cell therapy in older defects did not seem to have an added bene!t31. Furthermore, no 
discernable di"erence was observed between younger (<35 years) and older (*35 years) 
patients31. In another study, younger patients (<30 years) had better clinical outcome 
than older patients but regardless of treatment with MACI or MFX13. The reasons for the 
inconsistencies in our results compared with these previous cell therapy studies are 
unknown but may pertain to patient population or technique di"erences.

Structural endpoints assessed by MRI and repair tissue histology assessed by the 
ICRS II score demonstrated good quality repair tissue with the MACI implant. However, 
the good quality repair tissue with the MACI implant was not numerically di"erent than 
that found with MFX, even given the clinical results favoring the MACI implant. These 
!ndings were unexpected in that MFX performed better than anticipated, as previous 
studies show better repair tissue with autologous cell therapies than with MFX. In a 
study by Bachmann and colleagues, MRI-evaluated repair tissue was of better quality 
with the MACI implant than that with MFX124. For the 27 patients who received the MACI 
implant, defect !ll was more consistent than with MFX (n=7), and 78% of patients’ repair 
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tissues was integrated with adjacent cartilage124. Further, the MRI signal indicated that 
the signal intensity of the repair tissue with the MACI implant was close to that of the 
surrounding native cartilage, but was not homogenous with a signal intensity di"erent 
than that of adjacent normal cartilage with MFX124. 

Other studies show better repair tissue with other cell-therapy technologies than 
with MFX. One year after characterized chondrocyte implantation (CCI), structural re-
pair tissue was better than with MFX14, as shown by better mean histology assessment 
(blinded) score (p=0.012), particularly in chondrocyte phenotype (p<0.01) and tissue 
structure (p<0.05) in CCI-treated patients than in MFX-treated patients14. Safranin O and 
collagen II stainings were also more intense as detected by the mean histomorphometry 
score with CCI than with MFX (p=0.03)14. However, MRI assessment showed similar repair 
tissue after 3 years32, with no report on repair tissue at year 531. 

The reasons for our unanticipated similar results in repair tissue between the MACI 
implant and MFX are unknown. The clinical relevance and applicability to long-term 
clinical outcome of the ICRS II, a recently developed grading system for cartilage repair, 
especially in terms of histology still needs to be established131. Further, one cannot 
ensure that biopsies taken were the best representative sample of the total repair 
tissue especially since the samples were taken by individual surgeons and not by one 
dedicated sampling person, although this would apply equally to both groups132. Evi-
dence for the “overperformance” of MFX in the present study can be found in a study 
comparing MFX with CCI, as our overall ICRS II score with MFX (62.3) was numerically 
higher than that in the MFX-CCI comparison (approximately 44)14. Finally, an error in the 
protocol that directed pre-operative MRI reads to be scored as post-operative reads may 
have contributed to these unexpected results. Further investigation of this scoring issue 
is currently underway. 

Additional longer-term comparative studies are needed to further understand the 
relationship between clinical outcomes and integrity of the structural cartilage tissue. A 
systematic review and meta-analysis reported by de Windt et al. found that the majority 
of articular cartilage repair of the knee studies show limited or no correlation between 
clinical outcomes and MRI parameters; only 28% of studies (9 of 32) showed a correla-
tion between clinical outcome and MOCART or Henderson scores133. This is in line with 
guidance from regulatory agencies (EMA and FDA) that suggests MRI data, as well as 
histology data, are not predictive of outcome, and that clinical outcomes assessing 
pain and function are the most important parameters in determining the e(cacy of 
cell-based therapies115, 116. Nevertheless, an extension of our study is currently underway, 
where 3- and 5-year outcomes will be assessed, which may reveal a di"erence in MRI 
structural outcome between MACI and MFX treatments. Lastly, we did not examine 
biochemical properties of the repair tissue, which may help explain the better clinical 
outcome with the MACI implant. 
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Some of the limitations of this study include the fact that it was a multicenter study 
and therefore procedures were performed by many surgeons, and that it was not a 
blinded study. Procedures being performed by more than one physician may introduce 
investigator variability; although all surgeons were trained on standardized surgical pro-
cedures and their training was audited by the sponsor. In addition, given that the surgi-
cal techniques for the MACI implant (2 surgeries required) and microfracture (1 surgery) 
are di"erent, the study could not be blinded; however, histological and MRI evaluations 
were assessor blinded. Comparing 2- and 1-step surgeries is also a limitation, but the 
similar safety pro!le between the two demonstrates that the 2-step procedure is not 
more risky than the 1-step procedure, also re#ected in our clinical experience. Due to 
the inherent heterogeneity of cartilage repair tissue, one limitation of the histological 
evaluation is the inability to ensure that the biopsy acquired was representative of the 
total cartilage repair tissue132. Also, it is possible that the favorable results observed for 
patients in both treatment groups could have been positively in#uenced by the rigorous 
patient education and follow-up inherent in the study protocol.

Our SUMMIT clinical trial is one of the very few Good Clinical Practice-conducted, 
prospective, multi-center, randomized, controlled study of cell-based cartilage repair to 
date. The study included stringent inclusion and exclusion criteria, standardized surgical 
and rehabilitation procedures, and ensured a comprehensive patient follow up. Other 
strengths of the study included the use of validated clinical outcomes and histology and 
MRI assessments.

Overall, improvements in clinically relevant endpoints such as pain and function, 
as opposed to those of structural repair, remain the more important endpoints for the 
study of cartilage defects with regard to patient care132. This trial demonstrated that the 
MACI implant provides more pain relief and functional improvement when compared 
with MFX, with a similar safety pro!le, when treating symptomatic articular cartilage 
defects of the knee based on signi!cantly better outcomes for various patient-reported 
e(cacy endpoints.
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ABSTRACT

Objective

To evaluate whether pro!les of several soluble mediators in synovial #uid and cartilage 
tissue are pathology-dependent and how their production is related to in vitro tissue 
regeneration by chondrocytes from diseased and healthy tissue. 

Methods

Samples were obtained from donors without joint pathology (n=39), with focal defects 
(n=65) and osteoarthritis (n=61). A multiplex bead assay (Luminex) was performed 
measuring up tot 21 cytokines: IL-1$, IL-1', IL-1RA, IL-4, IL-6, IL-6R$, IL-7, IL-8, IL-10, IL-13, 
TNF$, IFN%, OSM, LIF, adiponectin, leptin, MCP1, RANTES, bFGF, HGF, VEGF. 

Results

 In synovial #uid of patients with cartilage pathology, IL-6, IL-13, IFN% and OSM levels 
were higher than in donors without joint pathology (p+0.001). In cartilage tissue from 
debrided defects, VEGF was higher than in non-pathological or osteoarthritic joints 
(p+0.001). IL-1$, IL-6, TNF$ and OSM concentrations (in ng/ml) were markedly higher in 
cartilage tissue than in synovial #uid (p<0.01). Culture of chondrocytes generally led to 
a massive induction of most cytokines (p<0.001). Although the release of in#ammatory 
cytokines was also here dependent on the pathological condition (p<0.001) the actual 
pro!les were di"erent from tissue or synovial #uid. Cartilage regeneration was lower by 
healthy unexpanded chondrocytes than by osteoarthritic or defect chondrocytes. 

Conclusions

Several pro-in#ammatory, pro-angiogenic and pro-repair cytokines were elevated in do-
nors with symptomatic cartilage defects and osteoarthritis, although di"erent cytokines 
were elevated in synovial #uid, tissue and cells. However, these alterations did not a"ect 
in vitro regeneration with these chondrocytes, as this was at least as e"ective or even 
better compared to healthy chondrocytes.
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INTRODUCTION

Soluble mediators, such as cytokines, chemokines, adipokines and growth factors are 
key regulators of cartilage metabolism. Under homeostatic conditions the production 
of these mediators is tightly regulated. In many joint diseases, including osteoarthritis 
(OA) and joint trauma, elevated levels of in#ammatory cytokines are present134 but their 
pathophysiological role is not always well established. In in#ammatory diseases such 
as rheumatoid arthritis, the synovial cells produce large quantities of in#ammatory 
cytokines and degradative enzymes135, which reach the cartilage through the synovial 
#uid. Although less outspoken, synovial in#ammation is also present in OA58, 136 and 
sometimes in joints with cartilage defects57, and the balance between anabolic and 
catabolic mediators has been suggested to be in favour of catabolic factors leading to a 
net breakdown of cartilage. In addition to their possible role in the pathophysiology of 
joint disease, soluble mediators present in the joint may also a"ect cartilage repair, both 
in osteoarthritis and in cartilage defect treatment81, 82. 

These mediators are not only produced by the synovial lining cells, but also by 
resident chondrocytes in response to both biological and mechanical stimuli134. In fact, 
in OA, certain cytokines appeared to be predominantly produced by cartilage rather 
than synovial tissue62. Furthermore, some mediators were shown to bind to extracellular 
matrix components, such as glycosaminoglycans (GAGs), in cartilage137. Therefore local 
concentrations in the microenvironment of the chondrocyte might di"er from those in 
the synovial #uid. Evaluating the presence of mediators in the cartilage tissue in addi-
tion to the synovial #uid might provide more insight into the possible mechanisms in 
cartilage regeneration and degeneration. 

In addition to the cytokines in synovial #uid and cartilage extracellular matrix, study-
ing the cytokine pro!le during in vitro cartilage regeneration may provide essential 
clues as to which mediators are important for tissue engineering of cartilage and to 
what extent cytokine production by chondrocytes may a"ect the outcome of cartilage 
repair procedures. Few studies have directly compared healthy chondrocytes to chon-
drocytes obtained from cartilage defects and/or osteoarthritic chondrocytes in terms of 
regenerative capacity138 and a comprehensive secretory pro!le is lacking. Characterizing 
the mediators produced by both healthy and diseased chondrocytes may allow for more 
speci!c inhibition of mediators in order to improve cartilage regeneration, especially by 
dedi"erentiated or diseased chondrocytes. 

Therefore in this study we compared the presence of soluble mediators commonly 
suggested to play a role in joint pathology in synovial #uid and cartilage tissue for donors 
with healthy cartilage, patients with symptomatic cartilage defects and patients with 
end-stage osteoarthritis. In addition, the production of these and additional cytokines 
by isolated chondrocytes during in vitro cartilage regeneration was investigated using 
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both expanded and non-expanded chondrocytes obtained from donors with di"erent 
joint pathology. 

MATERIALS AND METHODS

Synovial !uid and cartilage sample collection and cell isolation

Collection of all patient material was done according to the Medical Ethical regulations 
of the University Medical Centre Utrecht and according to the guideline ‘good use of 
redundant tissue for clinical research’ constructed by the Dutch Federation of Medical 
Research Societies on collection of redundant tissue for research139. This study does not 
meet the de!nition of human subjects research or require informed consent. Anony-
mous use of redundant tissue for research purposes is part of the standard treatment 
agreement with patients in our hospital140.

Macroscopically healthy articular cartilage and synovial #uid was obtained from 
donors within 24 hours post mortem (see Table 1 for details). Defect cartilage and sy-
novial #uid was obtained from donors undergoing either microfracture or autologous 
chondrocyte implantation for focal grade III and IV cartilage defects. During those pro-
cedures, the cartilage defect is debrided to remove all cartilage remnants down to the 
subchondral bone and create a stable cartilage rim. The debrided cartilage was used. Of 
the 22 patients with symptomatic cartilage defects, one had associated anterior cruciate 
ligament (ACL) injury and a history of partial meniscectomy; another three had received 
previous partial meniscectomies and one an ACL reconstruction. OA cartilage and 
synovial #uid was obtained from donors undergoing total knee arthroplasty. Synovial 
#uid was spun down at 300 g to remove debris, and stored at -80 C until use or analysis. 

Table 1: Donor characteristics

Donortype Synovial #uid Tissue Non-expanded 
chondrocytes

Expanded 
chondrocytes

Healthy n=20 n= 9 n= 8 n= 15

 age, average (range) 40 (25-47) 69 (54-81) 66 (54-75) 67 (54-81)

 % male unknown 80 50 60

Cartilage defect n= 31 n= 16 n= 10 n= 13

 age, average (range) 33 (20-48) 33 (16-45) 32 (18-44) 24 (19-36)

 % male unknown 47 70 85

Osteoarthritis n=27 n= 27 n= 12 n= 13

 age, average (range) 70 (53-81) 67 (46-90) 69 (49-83) 70 (46-83)

 % male unknown 23 38 38
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Cartilage samples were rinsed in phosphate bu"ered saline (PBS), and either snap 
frozen in liquid nitrogen and stored at -80 C until later protein extraction or cut into 
small pieces and enzymatically digested overnight at 37 C in a 0.15% collagenase type 
II (Worthington, Lakewood, NJ, USA) in Dulbecco’s modi!ed Eagle’s medium (DMEM; 
Gibco, Life Technologies, Bleiswijk, The Netherlands) with penicillin/streptomycin (100 
U/mL/100 0g/mL; Invitrogen, Life Technologies). After digestion, the cell suspension 
was !ltered through a 70 0m cell strainer (BD Biosciences, San Diego CA, USA), and the 
chondrocytes were spun down by 10 minutes centrifugation at 300 g. 

Protein extraction

The frozen cartilage samples (Table 1) were cut in 7 0m sections with a cryomicrotome. 
The sections were collected and carefully weighed. Approximately 100 mg of cartilage 
tissue was collected per sample and lysed in 5 0l lysis bu"er per mg tissue with complete 
protease inhibitor (Complete Lysis M; #04719964001, Roche Diagnostics, Almere, The 
Netherlands). The samples were cooled on ice and homogenized using 1.4 mm ceramic 
beads (VWR, Amsterdam, The Netherlands) in a bead beater. Subsequently, the samples 
were centrifuged at 4 C for 4 minutes at 13000 rpm and supernatants collected. Super-
natants were then !ltered by centrifuging through a polypropylene tube containing a 
0.22 0m nylon membrane (Spin-X column; Corning, Amsterdam, The Netherlands) prior 
to measurements of the cytokine levels. 

Measurement of cytokine levels

To determine the cytokine levels in the synovial #uids and tissue extracts of healthy, 
defect and OA donors and in the conditioned media (day 7) of healthy, defect and OA 
chondrocytes during regeneration, a multiplex bead-assay (Luminex) was performed as 
previously described 141, 142. A panel of a total 21 cytokines was available (IL-1$, IL-1', 
IL-1RA, IL-4, IL-6, IL-6R$, IL-7, IL-8, IL-10, IL-13, TNF$, IFN%, OSM, LIF, adiponectin, leptin, 
MCP1, RANTES, bFGF, HGF, VEGF) of which 11 were measured in the synovial #uid, 19 in 
tissue extracts and all 21 in conditioned media. Brie#y, speci!c antibodies were coupled 
to carboxylated beads (Luminex Corporation, Austin TX, USA). The levels of IL-6 and 
IL-8 present in the synovial #uid have previously been published143, 144. Recombinant 
cytokines were used to make a standard curve. Synovial #uid was !rst treated with hy-
aluronidase (type IV-S, Sigma-Aldrich, Zwijndrecht, The Netherlands) at a concentration 
of 20 U/ml for 30 minutes at 37°C and then !ltered by centrifuging through a Spin-X 
column. Subsequently, the synovial #uid samples were diluted 1:2 with HPE-0.1375% 
Tween (Sanquin, Amsterdam, The Netherlands). To block possible interfering antibodies 
present in the synovial #uid, the samples were diluted with an equal volume of 10% (v/v) 
normal rat and mouse serum (Rockland Immunochemicals Inc., Gilbertsville, PA, USA). 
Tissue extracts and medium samples were directly incubated with the coupled beads. 
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After incubation with the appropriate biotinylated antibodies, samples were thoroughly 
washed and incubated with streptavidin–phycoerythrin (BD Biosciences) for 10 minutes. 
After washing, the samples were measured and analyzed using the Bio-Plex suspension 
system (Bio-Rad Laboratories, Hercules CA, USA) with Bio-Plex Manager software, ver-
sion 3.0. The concentration of cytokines was expressed as pg/mL using the standard 
curves. Results of speci!c ELISAs for determination of cytokine levels have previously 
been shown to be comparable to multiplex bead assay (Luminex)62. 

Regeneration culture

Isolated chondrocytes from healthy, defect and OA cartilage were used either directly 
after isolation or after expansion to passage two (see table 1 for more details). Expansion 
was performed in monolayer at 37 C and 5% CO2 at a seeding density of 5000 cells per 
cm2 in expansion medium consisting of DMEM, 10% fetal bovine serum (Hyclone, Ther-
mo Scienti!c, Etten-Leur, the Netherlands), penicillin/streptomycin (100 U/mL/1000g/
mL) and 10 ng/mL basic !broblast growth factor (bFGF; R&D Systems, Minneapolis, MN, 
USA). Unexpanded chondrocytes and expanded chondrocytes were seeded on collagen 
type II-coated (Chicken sternal cartilage; Sigma-Aldrich, #C9301) Millicell !lters (Milli-
pore Co., Bedford MA, USA), at 1.6x106 cells per cm2 and redi"erentiated during 28 days 
in redi"erentiation medium consisting of DMEM, 0.2 mM l-ascorbic acid-2-phosphate 
(AsAp; Sigma-Aldrich), 2% human serum albumin (Sanquin, the Netherlands), penicillin/
streptomycin (100 U/mL/100 0g/mL), 2% insulin-transferrin-selenium (ITS)-X (Invitro-
gen) and 5 ng/mL transforming growth factor-'2 (TGF-'2; R&D systems). 

Glycosaminoglycan and DNA analysis

After culture, the regenerated tissue was digested overnight in a papain bu"er (250 0g/
mL papain (Sigma-Aldrich) in 50 mM EDTA and 5 mM L-cysteine) at 56 ºC, followed by 
determination of the glycosaminoglycan (GAG) content using the dimethylmethylene 
blue (DMMB) assay145. The ratio of absorption at 540 nm to 595 nm was used to calculate 
the GAG content, using chondroitin sulphate (shark; Sigma-Aldrich) as a standard. Su-
pernatants were also collected and analyzed for GAGs released into the medium. 

The DNA content was determined from the papain digest using a Picogreen DNA 
assay (Invitrogen) in accordance with the manufacturer’s instructions.

Statistical analysis

All statistical analyses were performed using SPSS 18.0. (SPSS Inc., Chicago, IL, USA) Results 
are displayed as mean  standard deviation (SD). Di"erences in cytokine levels between 
healthy, cartilage defect and OA donors were determined using the Kruskall-Wallis test with 
post hoc Mann-Whitney U-test. Di"erences in cytokine levels between synovial #uid and 
tissue were determined using Mann-Whitney U-test and between tissue, unexpanded and 
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expanded cells with the Kruskall-Wallis test. Principal component analysis was performed 
to identify clusters of related cytokines in synovial #uid, cartilage tissue and production 
by both non-expanded and expanded cells. Separate principal component analysis of 
healthy, cartilage defect and OA samples was not possible due to the limited number of 
subjects per disease condition. Only cytokines with communalities > 0.5 were included. 
Loading factors were maximized using Varimax rotation with Kaiser Normalisation. The 
number of clusters was decided based on the scree-plot and eigenvalues (> 1.0). Cytokines 
were categorized per cluster when their loading scores were > 0.5. A Crohnbach’s $ was 
performed on each cluster to verify consistency. Di"erences in GAG and DNA content 
between H, CD and OA donors were determined using ANOVA with post hoc t-test and 
di"erences between unexpanded and expanded chondrocytes by t-test. Multiple linear 
regression analysis with backward elimination was performed to identify cytokines that 
best predict cartilage regeneration as measured by GAG/DNA. 

RESULTS

Elevated levels of IL-6, IL-13, IFN", OSM and VEGF in donors with symptomatic focal 
cartilage defects 

In total 11 soluble mediators were measured in the synovial #uid of healthy donors, 
donors with symptomatic cartilage defects and osteoarthritic donors. Four of them were 
present at signi!cantly di"erent concentrations, namely IL-6, IL-13, IFN% and OSM (p + 
0.001; Table 2); The concentrations of IL-6 and OSM were signi!cantly lower in synovial 
#uid of donors without known joint pathology than in synovial #uid of patients with 
cartilage defects or OA (in line with previous data143). For IL-13 and IFN% the concentra-
tions were highest in synovial #uid of patients with a cartilage defect. 

A total of 20 soluble mediators were measured in cartilage tissue extracts of healthy 
cartilage, cartilage debrided from defects and osteoarthritic cartilage (Table 3). Only 
VEGF concentrations were statistically signi!cantly di"erent, with the highest concen-
trations in cartilage debrided from defects and the lowest concentrations in healthy 
cartilage (p < 0.001; Tables 2 and 3).

To be able to compare the levels in synovial #uid and cartilage tissue, the wet weight 
of tissue was taken to represent to its volume according to an average of 1.05 g/ml den-
sity for tissues devoid of inorganic constituents146 such as bone. This would underesti-
mate values by 5% when expressed per volume unit. Concentrations of IL-1$, IL-1', IL-6, 
TNF$, IFN% and OSM were di"erent between synovial #uid and cartilage tissue (p<0.01). 
Especially in 1 ml cartilage debrided from defects and OA cartilage, some tissue explants 
revealed concentrations of IL-1$, IL-6, TNF$ and OSM that were at least ten to a hundred 
fold higher than in 1 ml synovial #uid (Table 2). 
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Cytokine production by isolated and cultured chondrocytes during regeneration 

Soluble mediator production by isolated but unexpanded chondrocytes during regen-
eration was very similar between healthy, cartilage defect and OA chondrocytes (Table 
3). Only IL-1' was produced at signi!cantly higher amounts by chondrocytes from de-
brided cartilage from defects compared to healthy and OA chondrocytes (p<0.001; Table 
3). Total GAG production per DNA was not di"erent between healthy, cartilage defect 
and OA regeneration cultures (Figure 1C). However most of the GAG produced during 
regeneration was not retained in the newly formed tissue but released in the medium 
(Figure 1B). Remarkably, unexpanded chondrocytes from defect cartilage (GAG/DNA 
19.6 ± 15.1 0g/0g) and OA chondrocytes (GAG/DNA 22.8 ±17.1 0g/0g) retained more of 
the produced GAG in the matrix than isolated unexpanded chondrocytes from healthy 
cartilage (GAG/DNA 9.4 ± 4.4 0g/0g; p<0.001; Figure 1A). 

Expansion in monolayer for two passages had a major e"ect on cytokine secretion. 
The secretion of most cytokines was reduced at least by half after expansion, but the 
expression of IL4, IFN%, HGF and, to a lesser degree also IL-1$ and IL-1', was clearly 
increased by expansion of chondrocytes (Table 3). Although before expansion only IL-
1' was di"erentially released between chondrocytes from di"erent joint pathologies, 
culture-expanded chondrocytes from OA cartilage showed a higher production of IL-6, 
IL-8 and LIF during regeneration culture compared to chondrocytes from healthy carti-
lage and/ or cartilage debrided from defects (p<0.001; Table 3). 

The GAG content per DNA of the newly formed cartilage by culture-expanded chon-
drocytes after four weeks of culture was lower than by unexpanded chondrocytes and 
not di"erent between chondrocytes isolated from healthy cartilage, cartilage defect or 
OA. In contrast, total GAG production per DNA was highest by expanded chondrocytes 
from cartilage debrided from defects (Figure 1C) which was associated with a higher 
GAG release by these cells (Figure 1B).

When comparing cytokine production per mg of DNA present in native tissue or in 
regeneration cultures, cytokine production by chondrocytes in cell culture was gener-
ally much higher than by chondrocytes in their native matrix (p<0.001 for all cytokines 
except OSM, p=0.043; Table 3). Exceptions were TNF$, adiponectin, bFGF and HGF, which 
were lower (p<0.001 for all cytokines) in cultured cells, and leptin which was similar. 
IL-1', IL-4, IL-10, IL-13, IFN%, LIF and RANTES were not present in healthy cartilage tissue, 
but were induced during regeneration culture. 

Cluster analysis

Synovial #uid
Principal component analysis revealed three clusters of correlated cytokines (Figure 2). 
Cluster 1 consisted of IL-1$, IL-7, IL-8, IL-10, TNF$ and OSM and explained 53% of variance 
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with an eigenvalue of 5.9. Cluster 2 contained IL-1', IL-4 and IL-13 (variance explained 
27%, eigenvalue 2.9) and cluster 3 contained IL-6 and IFN% (variance explained 10%, 
eigenvalue 1.1).

Cartilage tissue
A total of !ve clusters were identi!ed which respectively explained 33%, 14%, 11%, 11% 
and 7% of variance (eigenvalues 6.2, 2.7, 2.1, 2.0 and 1.3 respectively; Figure 2). Although 
some of the cytokines found in cluster 1 (IL-1$, IL-10, IL-13, TNF$, OSM, LIF, MCP1, RAN-
TES) showed some overlap with cluster 1 identi!ed in synovial #uid, mostly clusters were 

0  

20  

40  

60  

80  

100  

120  

140  

160  

180  

H   CD   OA  

0  

5  

10  

15  

20  

25  

30  

35  

40  

45  

H   CD   OA  

non-expanded  

expanded  

0  

20  

40  

60  

80  

100  

120  

140  

160  

180  

200  

H   CD   OA  

*
*

‡

*

*

*
*

†

‡
*

* *

A

B

C

Figure 1. Cartilage matrix production by healthy, cartilage defect and OA chondrocytes. Cartilage 
regeneration cultures of three healthy (H), three cartilage defect (CD) and three osteoarthritic (OA) donors, 
with either non-expanded or expanded chondrocytes. (A) GAG content per DNA, (B) cumulative GAG re-
lease per DNA (C) total GAG production (GAG content + cumulative GAG release) per DNA after 28 days of 
culture; *p<0.05, †p<0.05 compared to CD and OA, ‡p<0.05 compared to H and OA. 
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di"erent (Figure 2). Components of cluster 2 were: adiponectin, bFGF, HGF, VEGF; cluster 
3: IL-1', IFN%; cluster 4: IL-6, IL-8; cluster 5: IL-4, leptin, IL-1RA. 

Chondrocytes during regeneration cell culture 
Principal component analysis of the cytokines produced by non-expanded cells revealed 
!ve clusters which respectively explained 34%, 19%, 12%, 8% and 5% of variance (eigen-
values 7.1, 3.9, 2.5, 1.6 and 1.1 respectively; Figure 2). Cluster 1 contained: IL-1$, IL-1', 
IL-10, OSM, MCP1, IL-1RA; cluster 2: IL-4, IL-7, IL-13, IFN%, leptin, HGF; cluster 3: IL-6, IL-8, 
RANTES; cluster 4: LIF, adiponectin, bFGF; cluster 5: LIF, VEGF, IL-6R$. Cytokines produced 
by expanded cells clustered in only four clusters (66%, 11%, 6% and 5% of variance 
explained with eigenvalues of 13.8, 2.4, 1.2 and 1.0 respectively). Cluster 1 consisted of 
IL-1$, IL-1', IL-1RA, IL-4, IL-7, IL-10, IL-13, TNF$, IFN%, OSM, adiponectin, leptin, bFGF, HGF; 
cluster 2: IL-6, IL-8, LIF, MCP1, RANTES; cluster 3: VEGF; cluster 4: IL-6R$.  

None of the cytokines or clusters were related to GAG/DNA production. 

Cartilage
    tissue  

Non-expanded  
  chondrocytes  

    Expanded  
chondrocytes

IL-1   
IL-1   
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Figure 2: Principle component analyses of cytokines in cartilage tissue and cells. Principal component 
analysis of the measured cytokines in cartilage tissue and conditioned media (day 7) of non-expanded 
and expanded chondrocytes during regeneration. The di"erent clusters are indicated by di"erent colours. 
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DISCUSSION

To the best of our knowledge, this is the !rst report directly comparing cytokine pres-
ence in synovial #uid and in cartilage and cytokine production by isolated chondrocytes 
from donors without joint pathology, patients with symptomatic cartilage defects and 
patients with osteoarthritis. Several pro-in#ammatory, pro-angiogenic and pro-repair 
cytokines were elevated in donors with symptomatic cartilage defects and OA. Interest-
ingly, di"erent cytokines were upregulated in synovial #uid, cartilage tissue and isolated 
chondrocytes. Especially in diseased joints, local concentrations of in#ammatory cyto-
kines present in the cartilage tissues were markedly higher than in synovial #uids. 

We observed high concentrations of in#ammatory (IFN%, OSM, IL-6) and pro-repair 
(IL-13) cytokines in synovial #uid, both in cartilage defects and in OA. The increased 
presence of these cytokines may be one of the reasons for the inferior clinical results 
observed for autologous chondrocyte implantation in patients with longer existing 
degenerative defects and OA31, 147. Elevated levels of in#ammatory mediators have previ-
ously been demonstrated in the synovial #uid of patients with joint trauma and OA, and 
synovial #uids from these patients have been shown to hamper cartilage regeneration70, 

82. However, the composition of the synovial #uid in patients with symptomatic cartilage 
defects had hardly been characterized until now. 

Generally, in#ammatory mediators are thought to negatively a"ect cartilage integ-
rity, but this may be a too simplistic view. OSM present in the synovial #uid is indeed 
known to inhibit in vitro cartilage regeneration70. However, IFN% can also inhibit IL-1 
induced MMP-13 expression in healthy and osteoarthritic chondrocytes148 149 and we 
have recently shown that IL-6 can under speci!c conditions also stimulate cartilage 
matrix formation150. Therefore e"ects of cytokines may not only depend on the presence 
of other cytokines with opposite e"ects, but also on the disease status, and e"ects on 
chondrocytes may be di"erent than on other cell types. The elevated presence of IL-13 
in cartilage defects had not been reported until now. It is a Th2 cytokine that mediates 
alternative macrophage activation, a process that is now recognized to play a role not 
only in immunity, but also in tissue homeostasis and repair151. IL-13 is classically Th2 de-
rived, but it can also be produced by various other cells and mediates !brotic aspects of 
innate immune activation through both TGF'-dependent and -independent pathways 
in pulmonary, hepatic, renal, dermal and gastrointestinal in#ammation and !brosis152. 
The direct e"ects of IL-13 on chondrocytes are not well known, but it has been shown 
to prevent collagen release induced by IL-1$ and OSM in bovine nasal cartilage153. The 
e"ects on in#ammation and cartilage integrity have been evaluated in various murine 
arthritis models, but not in osteoarthritis models or defect models. Decreased cartilage 
destruction and chondrocyte apoptosis were found with local overexpression of IL-13, 
but both decreased154 as well as increased in#ammation155 were reported depending 
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on the model employed. Furthermore, microarray analysis of peripheral blood cells 
of patients with early OA (limited damage to the cartilage surface at arthroscopy, 
traumatic chondral defects excluded) identi!ed IL-13 receptor as one of the six genes 
signi!cantly downregulated156. It may be interesting to explore whether IL-13 receptor 
down-regulation also occurs in patients with focal cartilage defects and whether this is 
predictive for outcome. 

We also observed that the concentrations of the in#ammatory cytokines IL-1$, IL-1', 
IL-6, TNF$, IFN% and OSM in diseased cartilage tissue were distinctly elevated compared 
to those found in synovial #uid. This may indicate that their role in cartilage turnover 
in these conditions may be more substantial than can be deduced from only evaluat-
ing synovial #uid concentrations. All of these cytokines can have catabolic e"ects on 
cartilage and chondrocytes157. This also indicates that although the synovial membrane 
has been commonly implied in governing the in#ammatory process leading to cartilage 
destruction, it appears that rather the cartilage in itself may guide this.

In cartilage tissue an increased presence of VEGF was found in cartilage debrided 
from defects and to a lesser extent also in OA cartilage compared to healthy cartilage. 
Additional to its stimulatory e"ects on angiogenesis, VEGF may also directly in#uence 
cartilage. Increased presence of VEGF and its receptors have been previously been found 
in OA cartilage tissue158. VEGF has been implicated in OA pathogenesis since injection 
of VEGF into mice knees induced OA159 and VEGF immunolocalization correlated with 
cartilage destruction in several experimental animal models160. More recently it has not 
only been detected in late OA but also in early stages of OA161. VEGF has also been im-
plicated to play a role in regeneration as it was shown to inhibit aggrecan and collagen 
II synthesis162 and inhibition of VEGF using a monoclonal antibody improved cartilage 
regeneration163. Our results also support a role for VEGF in cartilage defects, although 
small quantities were also found in healthy tissue. 

Culture of chondrocytes generally led to a massive induction of cytokines released. 
The cytokine pro!les were also distinct from those observed in cartilage tissue. Non-
expanded chondrocytes obtained from debrided defect cartilage produced more IL-1' 
than healthy and OA chondrocytes and IL-6, IL-8 and LIF were di"erentially produced by 
expanded chondrocytes. IL-6 and IL-8 are two key cytokines known to be secreted by 
senescent cells, something known as the senescence-associated secretory phenotype 
(SASP)164, 165. Both replication as well as stresses such as oxidative stress, DNA damage 
reagents and several cytokines, including IL-6 and IL-8164, 165, can induce DNA damage 
and telomere shortening. A stress-induced rather than replication induced senescence-
like phenotype has been reported in OA chondrocytes, especially near osteoarthritic 
lesions166, 167. Expansion of the OA chondrocytes may have ampli!ed the already present 
DNA damage thereby increasing the senescence-associated secretion of cytokines. Also 
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di"erences in age between donors with cartilage defects and OA in particular may have 
contributed to di"erences in cytokine levels168.

 Chondrocyte cell cultures are frequently used to study in#ammatory mechanisms 
involved in cartilage metabolism and OA. However, cytokine pro!les of healthy and 
diseased cartilage were distinctly di"erent between native tissue and cartilage cells in 
culture, even when the cells were not expanded in culture and had a di"erentiated chon-
drogenic phenotype. The di"erent clustering of cytokines released by chondrocytes in 
culture compared to in native tissue further underline this and may indicate a di"erent 
biological process and a general response to culture. The role of this generalized up-
regulation of cytokine production in cell culture is not clear, nor what mechanism is in-
volved. In cartilage, like in general wound healing, a temporary in#ammatory activation 
has been suggested to be crucial for chondrogenic di"erentiation83. This discrepancy 
between cytokine production in cell culture and in their native environment calls for 
caution with extrapolation of the results of chondrocyte culture to clinical OA. 

Despite the increased release of in#ammatory cytokines by chondrocytes obtained 
from cartilage debrided from defects and OA cartilage, in vitro regeneration with these 
chondrocytes was at least as good or even superior to regeneration with healthy chon-
drocytes in terms of GAG production, con!rming other studies169-172. In fact, glycosami-
noglycan production is increased in mild to moderate severity OA cartilage173, 174. 

Regression analysis did not reveal any cytokines or clusters of cytokines that cor-
related to cartilage matrix production. Cytokines could have dual or opposing e"ects. 
Perhaps, other, here unmeasured mediators, are important for regeneration, or cytokine 
release during cell culture more re#ects a general response to culture rather than a 
pathophysiological process. Further research is needed to clarify what, if any, is the role 
of cytokines during regeneration.

Limitations of our study include the fact that donors were not age- or gender-
matched. However, patients with symptomatic cartilage defects are young and pre-
dominantly male93, whilst OA generally a"ects older patients and so these di"erences 
between the populations are inherent to the a1iction. Secondly the collection of tissue 
from donors without joint pathology was performed post-mortem as opposed to the 
intra-operative collection of OA and cartilage defect synovial #uid. However, tissue was 
always collected as soon as possible post mortem, usually several hours and up to a 
maximum of 24 hours postmortem. Cartilage is not vascularized and remains very much 
unaltered the !rst 24 hours175 and previous work from our group showed no di"erence 
in viability between freshly isolated chondrocytes from healthy, post-mortem obtained, 
and grade III cartilage defect tissue138. 

Taken together, we showed that several pro-in#ammatory, pro-angiogenic and 
pro-repair cytokines were elevated in patients with symptomatic cartilage defects and 
OA, and that di"erent cytokines were upregulated in synovial #uid, cartilage tissue and 
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isolated cartilage cells. Research into the mechanisms governing this di"erential release 
may shed a light on the actual role of these factors in degeneration and regeneration of 
cartilage tissue.
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ABSTRACT 

Aims

We aimed to investigate freshly isolated compared with culture-expanded chondrocytes 
with respect to early regenerative response, cytokine production and cartilage forma-
tion in response to four commonly used biomaterials 

Materials & Methods

Chondrocytes were both directly and after expansion to passage two, incorporated 
into four biomaterials: PolyactiveTM, Beriplast®, Hystem®, and a type II collagen gel. Early 
cartilage matrix gene expression, cytokine production and glycosaminoglycan (GAG) 
and DNA content in response to these biomaterials were evaluated. 

Results

Hystem induced more GAG production, compared to all other biomaterials (p+0.001). 
Non-expanded cells did not always produce more GAGs than expanded chondrocytes, 
as this was biomaterial-dependent. Cytokine production and early gene expression 
were not predictive for !nal regeneration. 

Conclusions

For chondrocyte-based cartilage treatments, the biomaterial best supporting cartilage 
matrix production will depend on the chondrocyte di"erentiation state and cannot be 
predicted from early gene-expression or cytokine pro!le.
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INTRODUCTION

Matrix assisted Autologous Cartilage Implantation (MACI) is gaining popularity as treat-
ment for focal cartilage lesions of the knee. For this procedure several di"erent matrices 
of both natural and synthetic composition and in various forms such as hydrogels, 
sponges and membranes, are employed. In particular hydrogels are attractive, because 
they can be injected arthroscopically to !ll a defect and provide a 3D microenvironment 
for chondrocytes, either recruited from the neighboring cartilage or added exogenous-
ly176. Hydrogels of natural materials such as hyaluronic acid, !brin and collagen have the 
additional advantage of containing natural binding sites for chondrocytes and other 
biomimetic signals43. As they are often very soft and degrade rapidly, recent approaches 
have included the combination of natural hydrogels with porous polymer sca"olds to 
provide initial mechanical strength whilst still maintaining optimal cell retention and 
chondrogenic di"erentiation177, 178. 

Although generally the clinical outcomes of MACI procedures are satisfactory, sub-
optimal cartilage quality is often observed. Partly this has been ascribed to the use of 
expanded and thus dedi"erentiated chondrocytes39, 40, which has incited research into 
approaches using non-expanded chondrocytes, whether or not co-implanted with 
other cell types such as mesenchymal stromal cells (MSCs). However, it is not clear to 
what extent the matrices used for implantation are optimal for cartilage regeneration. 
Clinical studies comparing various matrices are virtually non-existent179 and also in vivo 
and in vitro comparisons are scarce180, 181. Thus the role of the biomaterials used in vivo for 
cartilage repair remains to be elucidated, in particular the in#uence of the biomaterials 
on chondrocyte behavior. It has been suggested that the early phenotypical response 
of chondrocytes to a biomaterial is more important than the prolonged presence of the 
biomaterial and biological cues it holds178, 182. Early cartilage matrix gene expression in 
response to a speci!c biomaterial if indicative of !nal cartilage matrix formation, may 
aid in the identi!cation of suitable biomaterials for MACI.  

In addition to regulating matrix production by cell-matrix interaction and subsequent 
modulation of matrix gene expression44,  matrices can also a"ect cell behaviour by the 
induction of  soluble factors such as pro- and anti-in#ammatory cytokines. Binding of 
ligands in natural hydrogels has been shown to induce the production of cytokines by 
chondrocytes183. Several of these factors are known to a"ect regeneration150, 184 and to be 
endogenously produced by chondrocytes150, 185, but still limited knowledge is available 
on endogenous cytokine production of chondrocytes cultured in biomaterials. 

Therefore, in the current study, cartilage regeneration by non-expanded and ex-
panded chondrocytes in four commonly used biomaterials for MACI was investigated in 
relation to the release of growth factors and cytokines and the very early expression of 
cartilage matrix speci!c genes. The four biomaterials studied were Beriplast®, which is a 
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commercially available !brin glue186, which was either or not reinforced with a PEOT/PBT 
copolymer network, Hystem®, which is a hyaluronan based gel187, and a type II collagen 
gel. 

MATERIALS AND METHODS

Chondrocyte isolation and expansion

Macroscopically healthy articular cartilage from the femoral condyles of six donors 
(n=6, age 53 to 82, average 61) was obtained within 24 hours post-mortem from donors 
without any history of major joint trauma, osteoarthritis or in#ammatory joint disease, 
and absence of cartilage defects or synovial in#ammation upon inspection during 
autopsy at the department of Pathology according to the Medical Ethical regulations of 
the University Medical Center Utrecht and approved by the institutional review board 
(protocol number 01/163). 

For cell isolation, the cartilage samples were rinsed in phosphate bu"ered saline 
(PBS), cut into small pieces and enzymatically digested overnight at 37 C in a 0.15% 
collagenase type II solution (Worthington, Lakewood, NJ, USA) in Dulbecco’s modi!ed 
Eagle’s medium (DMEM, GIBCO, Life Technologies, Bleiswijk, The Netherlands) with peni-
cillin/streptomycin (100 U/ml/100 0g/ml, Invitrogen, Life Technologies). After digestion, 
the cell suspension was !ltered through a 70 0m cell strainer (BD Biosciences, San Diego, 
CA, USA), and the chondrocytes were spun down by centrifugation at 300g. Chondro-
cytes were then washed in PBS and counted and assessed for viability using Trypan Blue 
(Sigma-Aldrich, Zwijndrecht, the Netherlands).

Expansion was performed in monolayer at 37 C and 5% CO2 at a seeding density of 
5000 cells per cm2 in expansion medium consisting of DMEM, 10% fetal bovine serum 
(Hyclone, Thermo Scienti!c, Etten-Leur, the Netherlands), penicillin/streptomycin (100 
U/100 0g/ml) and 10 ng/ml basic !broblast growth factor (bFGF; R&D Systems, Min-
neapolis, MN, USA).

Preparation of cell-seeded sca#olds

Four di"erent biomaterials, Polyactive, Beriplast® (Nycomed, Hoofddorp, the Neth-
erlands), Hystem® (Glycosan, Alameda, CA, USA) and collagen type II hydrogel, were 
prepared in 16 wells chamber slides (Nunc, Langenselbold, Germany) to form cylindrical 
sca"olds with a diameter of 5 mm and a height of 5 mm. Chondrocytes were, either 
directly after isolation or after expansion to passage 2, incorporated into the various 
biomaterials at a cell seeding density of 875 cells per mm3. Expanded chondrocytes were 
from the same donors as non-expanded chondrocytes. Per condition a minimum of !ve 
sca"olds were used. 
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The Polyactive sca"old was prepared as described before188. In brief, PEOT/PBT copo-
lymer granules (PoroGen B.V., Bilthoven, the Netherlands) with a 1000/70/30 composi-
tion were printed using a 3D !ber deposition technique189 with the BioSca"older system 
(SysEng, Hünxe, Germany). Fibers were printed in a 0º - 90º orientation with a !ber spac-
ing of 600 0m consisting of 14 layers (2 mm thickness after o/n swelling in phosphate 
bu"ered saline). Cylindrical sca"olds with a diameter of 5 mm were punched out and 
sterilized by 2 h immersion in 70% alcohol followed by overnight drying at 1 h UV-light 
exposure. Cells were seeded by immersion in the !brinogen component of Beriplast 
and injected into the pores of the Polyactive sca"old directly followed by intraporous 
injection of the trombin component of the Beriplast ® and allowed to set for 30 min.

Per Beriplast® sca"old the cells were resuspended in the !brinogen component of 
the gel, combined with the trombin component and allowed to set for 10 min at room 
temperature.

Hystem® hydrogels were prepared following the manufacturer’s instructions. The 
carboxymethyl hyaluronic acid-DTPH (Hystem component, Glycosan) was dissolved in 
1 ml of degassed, de-ionized water (DG water, Glycosan). The cells were resuspended 
in the Hystem component and combined with the extralink solution (polyethylene-
glycol-diacrylate (PEGDA) powder dissolved in 0.5 ml DG water, Glycosan) at a 4:1 ratio. 
Gelation was allowed during 2 h at room temperature.

A collagen type II hydrogel was prepared by combining 800 0l of collagen type II so-
lution (Bovine, AteloCell, Koken, Tokyo, Japan) with 100 0l 10x DMEM (Sigma-Aldrich), 10 
0l PBS, 40 0l demineralised water and 50 0l 1M NaHCO3, on ice. Cells were resuspended 
in the combined solution and incubated at 37 °C and 5% CO2 for 3 h.

Culture of seeded sca#olds:

Cell-seeded sca"olds were cultured for 24 h (n=3 donors) or three weeks (n=3 donors) in 
a 16 wells chamber slide in chondrocyte redi"erentiation medium consisting of DMEM, 
0.2 mM l-ascorbic acid-2-phosphate (AsAp; Sigma-Aldrich), 2% human serum albumin 
(Sanquin, Amsterdam, the Netherlands), penicillin/streptomycin (100 U/100 0g/ml), 
2% insulin-transferrin-selenium (ITS)-X (Invitrogen) and 5 ng/ml transforming growth 
factor (TGF)' (R&D Systems). Culture medium was changed twice a week and culture 
supernatant was either directly analyzed for cytotoxicity (see below) or stored at -80 °C 
until later analysis.

Cytotoxicity 

Lactate dehydrogenase (LDH) activity, as a measure of cytotoxicity, was analyzed in the 
conditioned culture medium at day 1, 2, 9, 16 and 21, using a commercially available 
LDH kit (Roche Diagnostics, Almere, the Netherlands) following the manufacturers’ 
instructions. Culture medium was used as a blank to correct for background signal. 
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Real-time PCR

To study the very early response of chondrocytes to the biomaterial, seeded sca"olds 
(n=8 per biomaterial, per donor) were harvested after 24 hours and gene expression 
of aggrecan (ACAN), type II collagen (COL2A1), type I collagen (COL1A1), runt-related 
transcription factor 2 (RUNX2), osteopontin (secreted phosphoprotein 1, SPP1), (sex 
determining region Y)-box 9 (SOX9) and type X collagen (COLX) was investigated by real-
time PCR and also compared to non-cultured chondrocytes. 

Sca"olds were !rst snap frozen in liquid nitrogen, ground with pestle and mortar and 
sonicated for 30 min. Total RNA was isolated from the sca"olds with Trizol (Invitrogen) as 
described by the manufacturer. Total RNA (500 ng) was reverse transcribed using iScript 
cDNA Synthesis Kit (Biorad Laboratories, Hercules CA, USA) in a total volume of 20 µl at 
25 ˚C for 25 min and 42 ˚C for 30 min, followed by inactivation of the enzyme at 80 ˚C 
for 5 min.

Real-time PCR reactions were performed using the SYBRGreen reaction kit accord-
ing to the manufacturer’s instructions (Roche Diagnostics) in a LightCycler 480 (Roche 
Diagnostics). The LightCycler reactions were prepared in 20 0l total volume with 7 0l 
PCR-H2O, 0.5 0l forward primer (0.2 0M), 0.5 0l reverse primer (0.2 0M), 10 0l LightCycler 
Mastermix (LightCycler 480 SYBR Green I Master; Roche Diagnostics), to which 2 0l of 5 
times diluted cDNA was added as PCR template. Primers (Invitrogen) used for real-time 
PCR are listed in Table 1. Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase 
activation protein, zeta polypeptide (Ywhaz) and 18S were used as housekeeping genes 
and the gene expression levels were normalized for the normalization factor calculated 
with the equation 2(Ywhaz x 18S). With the Light Cycler software (version 4), the cross-
ing points were assessed and plotted versus the serial dilution of known concentrations 
of the standards derived from each gene using Fit Points method. PCR e(ciency was 
calculated by Light Cycler software and the data were used only if the calculated PCR 
e(ciency was between 1.85 and 2.0.

Multiplex enzyme-linked immunosorbent assay (ELISA)

To determine cytokine levels in the conditioned medium, a multiplex ELISA was per-
formed as previously described141, 142. The cytokines measured were interleukin-1  (IL-
1 ), interleukin-1  (IL-1 ), interleukin-4 (IL-4), interleukin-6 (IL-6), interleukin-6 receptor 
(IL-6R), interleukin-7 (IL-7), interleukin-8 (IL-8), interleukin-10 (IL-10), interleukin-13 
(IL-13), tumor necrosis factor-  (TNF- ), interferon-  (IFN- ), oncostatin M (OSM), os-
teprotegerin (OPG), basic !broblast growth factor (bFGF), nerve growth factor (NGF), 
hepatocyte growth factor (HGF). Brie#y, speci!c antibodies were coupled to carboxyl-
ated beads (Luminex Corporation, Austin TX, USA). Conditioned media collected at 
day 5 were incubated with the coupled beads. After incubation with the appropriate 
biotinylated antibodies, samples were thoroughly washed and incubated with strepta-
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vidin–phycoerythrin (BD Biosciences) for 10 minutes. After washing, the samples were 
measured and analyzed using the Bio-Plex suspension system (Bio-Rad Laboratories) 
with Bio-Plex Manager software, version 3.0. The concentrations of cytokines in the 
conditioned medium were calculated using the standard curves, with results expressed 
as pg/ml. Results of speci!c ELISAs have previously been shown to be comparable to the 
Luminex ELISA.62 

GAG and DNA analysis

After 21 days culture, the samples (n=4 sca"olds per biomaterial, per donor) were di-
gested overnight in a papain bu"er (250 0g/ml papain (Sigma-Aldrich) in 50 mM EDTA 
and 5 mM L-cysteine) at 56 ºC, followed by determination of the glycosaminoglycan 
(GAG) content using the dimethylmethylene blue (DMMB) assay145. The ratio of absorp-
tion at 540 nm to 595 nm was used to calculate the GAG content, using chondroitin 
sulphate (shark; Sigma-Aldrich) as a standard. For the Hystem sca"old, which may 
show a signal due to the presence of hyaluronic acid, values were corrected by using 

Table 1. Primer sequences used for real time PCR

Target gene Oligonucleotide sequence
Annealing 

temperature (°C)

18S Forward  5’ GTAACCCGTTGAACCCCATT 3’ 57

3 Reverse  5’ CCATCCAATCGGTAGTAGCG 3’ 3

YWHAZ Forward  5’ GATGAAGCCATTGCTGAACTTG 3’ 56

3 Reverse  5’ CTATTTGTGGGACAGCATGGA 3’ 3

ACAN Forward  5’ CAACTACCCGGCCATCC 3’ 57

3 Reverse  5’ GATGGCTCTGTAATGGAACAC 3’ 3

COL1A1 Forward  5’ TCCAACGAGATCGAGATCC 3’ 57

3 Reverse  5’ AAGCCGAATTCCTGGTCT 3’ 3

COL2A1 Forward  5’ AGGGCCAGGATGTCCGGCA 3’ 56

3 Reverse  5’ GGGTCCCAGGTTCTCCATCT 3’ 3

RUNX2 Forward 5’ ATGCTTCATTCGCCTCAC 3’ 56

Reverse 5’ ACTGCTTGCAGCCTTAAAT 3’

SPP1 Forward 5’ CATCTCAGAAGCAGAATCTCC 3’ 56

Reverse 5’ CCATAAACCACACTATCACCTC 3’

COLX Forward 5’ CACTACCCAACACCAAGACA 3’ 56

Reverse 5’ CTGGTTTCCCTACAGCTGAT 3’

SOX9 Forward 5’ CCCAACGCCATCTTCAAGG 3’ 60

Reverse 5’ CTGCTCAGCTCGCCGATGT 3’

YWHAZ, tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, zeta polypeptide; 
ACAN, aggrecan; COL1A1, $1(I)procollagen; COL2A1, $1(II)procollagen; RUNX2, runt-related transcription 
factor 2; SPP1, secreted phosphoprotein 1, osteopontin, COLX, type X collagen; SOX9, (sex determining 
region Y)-box 9. 
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the unseeded sca"olds as blank. Supernatant was also collected and analysed for GAGs 
released into the medium.

The DNA content was determined from the papain digest using a Picogreen DNA 
assay (Invitrogen) in accordance with the manufacturer’s instructions.

Histological evaluation

Sca"olds were !xed in 4% bu"ered formaldehyde, dehydrated in alcohol, rinsed in 
xylene and in!ltrated and embedded with para(n. For histology, 5 0m sections were 
depara(nized in xylene, rehydrated in alcohol and stained with safranin-O (Merck, 
Germany) for GAG and counterstained with Weigert’s haematoxylin (Klinipath, the 
Netherlands) and 0.4% fast green (Merck, Germany) for nuclei and cytoplasm, respec-
tively. The deposition of type II collagen was evaluated by immunohistochemistry. 
Antigen retrieval was performed by 1 mg/ml pronase (Sigma-Aldrich) for 30 min at 37 
°C followed by hyaluronidase incubation for 30 min at 37 °C. After antigen retrieval, the 
sections were blocked using a PBS-BSA 5% solution for 30 min followed by overnight 
incubation at 4 °C with primary antibody against human type II collagen (II-II6B3 1/100 
in 5% PBS/BSA, Hybridomabank, USA). A biotinylated secondary anti-mouse antibody 
was used (GE Healthcare, UK; 1/200 in 5% PBS/BSA) for 1 h at RT, followed by incubation 
with streptavidin/peroxidase (Beckman Coulter, USA 1/500 in 5% PBS/BSA) 1 h at RT. 
Antibody binding was visualized using 3-diaminobenzidine (DAB, Sigma-Aldrich). All 
immunohistochemical sections were counterstained using Mayer’s haematoxylin. 

Statistical analysis

All statistical analyses were performed using SPSS 18.0. Di"erences between the e"ects 
on LDH release, matrix production and gene expression were determined by ANOVA 
with post hoc t-test with Bonferroni correction. For the cytokine measurements signi!-
cance was set at p= 0.05/16= 0.003125 to correct for the 16 cytokines measured. Di"er-
ences between various time points were determined by paired t-tests and di"erences 
between non-expanded and expanded cells by paired t-tests. 

RESULTS

Cytotoxicity

LDH release as a measure of cytotoxicity was evaluated at several time points. With the 
use of non-expanded cells, early cytotoxicity at day 2 was lowest for Beriplast (p<0.03 
compared to Hystem and collagen gel; Figure 1). At day 16, LDH activity was highest for 
Polyactive (p<0.05 compared to all other biomaterials; Figure 1). In expanded cells, the 
LDH release pro!le was slightly di"erent as the lowest release was for Polyactive at day 
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2 (p<0.02 compared to Hystem and collagen gel; Figure 1) and for collagen gel at day 16 
(p<0.03 compared to Polyactive and Beriplast; Figure 1). Non-expanded cells generally 
showed a higher LDH release than expanded cells, especially at day 2 (p<0.04; Figure 1). 

Early gene expression

Biomaterial-based induction of tissue speci!c genes was evaluated in non- expanded 
and expanded cells after 24 h of culture in the sca"olds and compared to gene expres-
sion prior to seeding. In non-expanded cells, induction of expression of cartilage matrix 
genes was highest in the collagen sca"old (p<0.001; Figure 2). However, also COL1A1 
gene expression was high in this biomaterial (p+0.001; Figure 2). No induction of SPP1 
was found. In expanded cells, ACAN gene expression was higher in the !brin contain-
ing sca"olds (p<0.003 compared to Hystem and collagen gel; Figure 2) paralleled by 
a high SOX9 gene expression in Polyactive (p<0.01 compared to Hystem and collagen 
gel). None of the biomaterials induced expression of type II collagen in expanded cells. 
Furthermore, in contrast with non –expanded cells, SPP1 was signi!cantly upregulated 
in expanded cells in all biomaterials except for in Hystem (p<0.005; Figure 2). COLX gene 
expression was below detection levels in all conditions and RUNX2 gene expression was 
below detection levels in all but the expanded cells incorporated in type II collagen gel, 
with a thirtyfold induction compared to expression prior to incorporation. 

Cartilage matrix formation

For non-expanded cells, after the 21 days culture period, pronounced di"erences were 
found in extracellular matrix protein production and release in the di"erent biomaterial 
sca"olds. Hystem induced the highest cartilage matrix production, as both GAG content 
and GAG per DNA were highest in this biomaterial (p<0.005; Figures 3A,D). GAG release 
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Figure 1. LDH release at days 2 and 16 of culturing of seeded sca!olds. Di"erences in LDH release 
between the various biomaterials within either the non-expanded or expanded groups are demonstrated. 
Results are displayed as mean ± standard error of the mean. *Di"erences in LDH release between non-
expanded and expanded cells within a speci!c biomaterial: p<0.05 (n = 3 donors; !ve sca"olds per bioma-
terial per passage). †p<0.05 compared with BP; ‡p<0.05 compared with PA; §p<0.05 compared with BP, HY 
and CG; ¶p<0.05 compared with CG. BP: Beriplast®; CG: Type II collagen gel; HY: HyStem®; PA: PolyactiveTM.
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was at least two-fold higher in the collagen gel compared to the other biomaterials at 
both time-points (p<0.003; Figure 3B). The sca"olds with !brin contained less DNA after 
three weeks of culture than the Hystem and collagen gel (p<0.006; Figure 3C). 

In sca"olds containing expanded cells, !nal cartilage matrix production per cell 
expressed as GAG per DNA was not a"ected by the biomaterial used (Figure 3D). GAG 
content was slightly increased and GAG release obviously increased in the Beriplast and 
Polyactive sca"olds compared to Hystem and/or collagen gel (p<0.01; Figures 3A,B). 

Comparing expanded to non-expanded cells, matrix production (GAG content and 
GAG/DNA) was higher in both !brin-based sca"olds (p<0.01) and lower in Hystem gel for 
the former cell type (p<0.05). No di"erence was found between the two cell populations 
in the collagen gels. There was no di"erence in DNA content between non-expanded 
and expanded in the !brin sca"olds, whilst in Hystem and collagen gel, DNA content 
was higher with non-expanded cells (p+0.003). 

Histological evaluation of cartilage matrix formation after three weeks gener-
ally showed if any, very little proteoglycans in the !brin and collagen gels. The Hystem 
sca"old itself stained brightly red with safranin-O making it impossible to distinguish 
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Figure 2. Early biomaterial-speci#c induction of (#bro)cartilage matrix genes. Induction of speci!c 
genes by the biomaterials as evaluated at day 1 by comparing non-expanded cells directly after isolation or 
expanded cells directly after trypsinization. COLX and RUNX2 gene expression are not shown here as COLX 
was below detection limits in all biomaterials and RUNX2 was only detected in expanded cells incorporated 
in CG. Signi!cant di"erences in gene expression between the various biomaterials with the non-expanded 
or expanded group are demonstrated. Results are displayed as mean ± standard error of the mean.
†p<0.001 compared with PA, BP and HY; ‡p<0.01 compared with HY and CG; §p<0.001 compared with PA, 
BP and HY; ¶p<0.01 compared with HY and CG; #p+0.001 compared with PA and HY; ††p<0.001 compared 
with PA, BP and HY; ‡‡p<0.03 compared with HY (n = 3 donors, seven sca"olds per biomaterial per pas-
sage). BP: Beriplast®; CG: Type II collagen gel; HY: HyStem®; PA: PolyactiveTM.
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between the sca"old material and newly formed proteoglycans. Immunohistochemical 
evaluation of type II collagen deposition showed scattered pericellular positive staining 
in the !brin-based sca"olds and Hystem. In the type II collagen gel it was not possible to 
discern between the sca"old material and newly deposited collagen. No obvious di"er-
ences were observed between non-expanded and expanded cells (Figure 4).

Cytokine pro$le

When using non-expanded cells, robust biomaterial-dependent di"erences in cytokine 
and growth factor production were measured, except for IL-6 and NGF (Figure 5). For 
most factors measured, their production tended to be lowest in Polyactive and high-
est in Beriplast and collagen gel. There was no association between the secretion of 
cytokines and cartilage matrix production. High production of catabolic cytokines such 
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Figure 3. Cartilage regeneration by nonexpanded and expanded cells. Non-expanded and passage 
2-expanded chondrocytes were combined with either PA, BP, HY or CG and evaluated after 21 days of cul-
ture. (A) GAG content per sca"old; (B) GAG release at day 5 and 9 per sca"old; (C) DNA content per sca"old; 
and (D) GAG:DNA. Signi!cant di"erences between the various biomaterials within the non-expanded or ex-
panded groups are demonstrated. Results are displayed as mean ± standard error of the mean. *Signi!cant 
di"erences between non-expanded and expanded cells: p<0.05; **Di"erence between day 5 and 9: p<0.05 
(n = 3 donors, four sca"olds per biomaterial per passage).
†p+0.001 compared with PA, BP and CG; ‡p<0.05 compared with HY and CG; §p<0.01 compared with CG; 
¶p<0.003 compared with PA, BP and HY; #p<0.001 compared with BP and HY; ††p$0.001 compared with 
BP, HY and CG; ‡‡p<0.001 compared with HY and CG; §§p<0.006 compared with PA and BP; ¶¶p<0.001 
compared with PA; ##p<0.05 compared with BP and CG; and †††p<0.005 compared with PA, BP and CG.
BP: Beriplast®; CG: Type II collagen gel; GAG: Glycosaminoglycan; HY: HyStem®; PA: PolyactiveTM.
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as IL-1 and OSM in Beriplast and collagen gel was accompanied by high production of 
growth factors such as bFGF and HGF. 

When using expanded cells, generally di"erences in cytokine and growth factor 
production between the biomaterials were much smaller. Only IL-6 and OPG production 
was di"erentially regulated (p<0.02; Figure 6). IL-6 production was lowest in collagen 
gel (p<0.02 compared to Polyactive and Hystem) and OPG was lowest in Hystem and 
collagen gel (p<0.001 compared with Polyactive and Beriplast). 

Cytokine and growth factor production was generally much higher when using non-
expanded, compared to expanded cells (note the di"erence in y-axis between Figures 5 
and 6), especially in Beriplast, Hystem and collagen gel (p<0.05; Figure 5). 

Cytokine and growth factor production at day 9 was generally lower than at day 5 
(data not shown). 

DISCUSSION

In this study, we show that cartilage matrix production by incorporated chondrocytes 
depended on the biomaterials used, moreover, that this e"ect was more pronounced 
in non-expanded chondrocytes. Although also cytokine production by non-expanded 
cells varied extensively depending on the biomaterials used, this was not related to 
matrix production, at an early nor at a late time-point in culture. Likewise, early cartilage 
matrix gene expression was a poor predictor of eventual cartilage matrix formation for 
both cell types. Cartilage matrix formation by non-expanded cells was highest in the 

Polyactive Beriplast Hystem Collagen gel

A B C D

HGFE

Figure 4. Histological evaluation of sca!olds after 3 weeks of culture. (A–D) Safranin-O (Merck, 
Germany) staining of expanded chondrocyte-seeded sca"olds after 3 weeks of culture. Note that HyStem® 
itself stains bright red due to the presence of hyaluronic acid. (E–H) Type II collagen immunohistochemical 
staining. Positive staining of the bovine type II collagen present in the collagen gel is demonstrated. Scale 
bars: 50 0m.
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Figure 5. Cytokine and growth factor release by nonexpanded cell-seeded sca!olds. A panel of 16 
cytokines and growth factors was measured in the culture supernatant at day 5 with multiplex ELISA. Note 
the di"erent y-axes for the various factors. Di"erences between the biomaterials (PA, BP, HY and CG) are 
demonstrated. Results are displayed as mean ± standard error of the mean.
*Di"erences between nonexpanded and expanded cells within a biomaterial: p<0.05 (see Figure 6 for the 
cytokine and growth factor release from expanded cell-seeded sca"olds; n = 3 donors, three sca"olds per 
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pared with PA; ¶p<0.05 compared with PA and HY; #p<0.001 compared with PA, BP and HY; ††p 0.01 com-
pared with PA; ‡‡p$0.001 compared with PA; §§p<0.05 compared with PA and BP; ¶¶p<0.001 compared 
with PA, BP and HY; ##p<0.05 compared with PA, HY and CG; †††p<0.05 compared with PA; ‡‡‡p<0.05 
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BP: Beriplast®; CG: Type II collagen gel; HY: HyStem®; PA: PolyactiveTM.
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hyaluronic acid-based Hystem sca"old, whilst no di"erences were found between the 
biomaterials when expanded cells were used. 

The striking e"ect of biomaterial use on non-expanded cells suggests that the more 
di"erentiated phenotype allows for a more speci!c interaction with the environment 
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Figure 6. Cytokine and growth factor release by sca!olds seeded with expanded cells. A panel of 
16 cytokines and growth factors was measured in the culture supernatants at day 5 with multiplex ELISA. 
Note the di"erent y-axes for the various factors. Di"erences between the biomaterials (PA, BP, HY and CG) 
are demonstrated. Results are displayed as mean ± standard error of the mean. †p = 0.001 compared with 
CG, ‡p<0.02 compared with CG, §p<0.001 compared with HY and CG (n = 3 donors, three sca"olds per 
biomaterial).
BP: Beriplast®; CG: Type II collagen gel; HY: HyStem®; PA: PolyactiveTM.
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than dedi"erentiated chondrocytes. Although not the interaction with the biomateri-
als itself was studied here, di"erences in the expression of surface receptors, including 
those regulating cell-matrix interaction such as CD44 and integrins, may explain the 
di"erences in cytokine production and early cartilage matrix gene expression190.  Bind-
ing of these receptors leads to intracellular signaling resulting in changes in prolifera-
tion and gene expression and it has previously been shown that expression of many 
of those cell surface receptors is modulated during expansion and dedi"erentiation190.  
Non-expanded cells therefore behave di"erently than expanded chondrocytes, espe-
cially when brought into contact with natural substrates. Previously it was shown that 
passaged chondrocytes did not show a di"erential response to di"erent natural 2D 
substrates such as !bronectin, collagens or decellularized extracellular matrix formed 
by cells grown in monolayer191, 192. Apparently, the cell-biomaterial interactions of non-
expanded cells are probably also responsible for the modulation of cytokine and growth 
factor production, given the pronounced di"erences in secretory pro!le depending on 
the biomaterial used. Integrin signaling has been shown to induce in#ammatory cyto-
kines193, 194 and in various cell types actin cytoskeletal remodeling has been shown to 
regulate cytokine secretion195 and potentiate nuclear factor kB signalling196. Although 
this has not been shown for chondrocytes, in#ammatory cytokines have been shown to 
modulate the chondrocyte actin cytoskeleton 197, and possibly cytoskeletal remodeling 
in turn also a"ects cytokine production and/or secretion in this cell type. 

For cartilage regeneration using non-expanded chondrocytes, the Hystem sca"old 
seemed most optimal. GAG content was highest in this sca"old, although like in the 
!brin-based sca"olds, type II collagen production was limited, possibly due to the rela-
tively short culture period. Hystem consists of hyaluronic acid (HA), a naturally occurring 
polysaccharide in cartilage with many pro-chondrogenic functions176, which makes it 
a promising biomaterial for cartilage engineering. Indeed, addition of HA to other bio-
materials such as alginate, chitosan and !brin has been shown to enhance extracellular 
matrix formation198. Depending on the degree of polymerization, HA has been shown 
to have either in#ammatory or anti-in#ammatory e"ects79. Low molecular weight HA 
(6-20 kDa) has been shown to induce in#ammatory cytokines through NF-&B activation, 
whilst high molecular weight (>106 Da) has anti-in#ammatory e"ects and also has been 
shown to inhibit matrix degradation by aggrecanases and metalloproteinases199-201. In 
the current study, the HA-based hydrogel generally induced a minimal production of 
cytokines.  Although the molecular weight of Hystem is not provided, it is synthesized of 
HA-DTPH of 158kDa which is then crosslinked with PEGDA202, which will result in a high 
degree of polymerization and thus high molecular weight.  

Non-expanded chondrocytes proliferated more readily in collagen gels than in other 
biomaterials, which could be explained by the concomitantly high levels of FGF, a cytokine 
known to stimulate proliferation. No data are available on the possible induction of FGF by 
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collagen binding, but interference with integrin binding may reveal whether this relevant 
mechanism is involved. Type II collagen has been shown to induce in#ammatory cyto-
kines such as IL6 and IL8 and the matrix degrading MMP-13 through binding of discoidin 
domain receptor 2 (DDR2)203. Both cytokines were indeed produced at higher levels if 
chondrocytes were cultured in the collagen gel sca"old. This may have been in line with 
the observation that GAG release was signi!cantly higher in the collagen gel than in the 
other biomaterials. No di"erences were observed between the biomaterials with respect 
to GAG content. Possibly small di"erences between the biomaterials were masked by the 
use of TGF' in the culture medium. However, this factor is required for regeneration and its 
omission would most likely have resulted in no detectable matrix production at all.

Fibrin is naturally involved in wound healing and is therefore also believed to be 
an attractive natural polymer for regenerative medicine. Fibrin and !brin degradation 
products can contribute to in#ammation204, but can also attenuate TNF , IL-6 and IL-8 
production of the chondrocyte-like nucleus pulposus cells in response to IL-1 205. We 
observed a cytokine production that was relatively high in comparison with the other 
biomaterials for most of the cytokines measured, but indeed not for TNF , IL-6 and IL-8. 
Furthermore !brin is a suitable biomaterial for chondrogenesis of mesenchymal stromal 
cells, especially in combination with TGF206. Possibly this is due to its capability to act as 
a reservoir for various growth factors such as TGF and bFGF207. 

The production of growth factors and cytokines speci!c to a certain biomaterial is 
likely to be important for cartilage regeneration, because various cytokines and growth 
factors have been shown to a"ect cartilage matrix synthesis184. We chose to measure a 
broad panel of cytokines chosen on our previous studies on synovial #uid composition84, 

208, 209. However, the release of the cytokines measured did not correlate to !nal cartilage 
matrix production. This may suggest that proin#ammatory and anti-in#ammatory fac-
tors counteracted each other or that other soluble factors and/or degradative enzymes 
played a role. The generally lower release of cytokines by expanded cells may be caused 
by a general loss of gene expression observed with dedi"erentiation of chondrocytes 
in 2D monolayer culture210. However, GAG production did not di"er between non-
expanded and expanded cells in most biomaterials, most likely due to the 3D culture 
and/or the redi"erentiation medium. Whether cytokine production during regeneration 
has a functional role at all needs to be investigated. 

Not only cytokine production, but also early gene expression patterns seemed unre-
lated to !nal matrix production. In particular, aggrecan gene expression was lowest in the 
Hystem sca"old whilst GAG content after three weeks was highest in this biomaterial. Al-
though we do not know the mechanism responsible for this observation, we hypothesize 
that this may be related to the chondrocyte’s capacity to ‘sense’ its HA rich environment 
through for example the HA receptor CD44211, 212. The positive e"ects of high molecular 
weight HA may be mediated by creating a favorable environment for regeneration by re-
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ducing degradative enzymes, rather than by having a direct stimulatory e"ect on cartilage 
matrix synthesis. Lack of a similar e"ect on expanded chondrocytes may be explained 
by the altered expression of CD44 by expansion213. It may also be possible that the high 
amount of sulphated GAGs measured by the dmmb-assay, which is generally thought to 
represent aggrecan production by chondrocytes, may at least partly be explained by the 
production of other proteoglycans. Furthermore, posttranscriptional, translational and pro-
tein degradation regulation have been shown to account for approximately 60 percent of 
the variation in protein concentration, and thus less than half of the !nal matrix production 
can be explained by changes in RNA214. In addition, upon implantation of cell-biomaterial 
constructs in vivo, cell and construct behavior may also deviate from the results shown in 
vitro. This was demonstrated before for cartilage matrix gene expression by expanded ver-
sus non-expanded cells, which was shown to be lower for expanded cells regenerating in 
vitro215, in 2D and in 3D culture, whereas in vivo, no di"erence between non-expanded cells 
and expanded cells was found upon seeding on PLGA plugs and  insertion into cartilage 
defects in pigs216. In contrast to these data, the results of current in vitro study did not reveal 
a decreased GAG production of expanded compared to the non-expanded cells, except for 
in the Hystem sca"old. However, we analyzed ECM production at the protein rather than 
the mRNA level and used human cells instead of porcine chondrocytes.

CONCLUSIONS AND FUTURE PERSPECTIVES

Altogether, the current study shows that interactions between chondrocytes and bio-
materials depend on expansion of chondrocytes. The !nding that cartilage regeneration 
by non-expanded cells di"ered depending on the biomaterial used could have impor-
tant implications for the use of non-expanded chondrocytes for MACI. Further research 
should be directed at verifying whether the di"erences found are also maintained in 
vivo upon implantation of the sca"olds. In addition, unraveling the biological functional 
functions of cytokines during regeneration may provide insight into general mecha-
nisms of cartilage tissue regeneration.
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ABSTRACT

Introduction

This study aimed to evaluate the possible role of the in#ammatory chemokine CXCL8 
(interleukin-8) in cartilage regeneration in joint pathology. To this end its presence in 
the synovial #uid and its production by chondrocytes of patients with symptomatic 
cartilage defects was compared to healthy and osteoarthritic donors. Secondly, the ef-
fect of CXCL8 on cartilage metabolism and hypertrophic di"erentiation was evaluated. 

Methods

CXCL8 concentrations were determined by ELISA in the synovial #uid and conditioned 
media of regenerating chondrocytes from healthy, cartilage defect and osteoarthritic 
donors. The e"ect of CXCL8 on cartilage regeneration was evaluated by both inhibition 
of endogenously produced CXCL8 and by addition of exogenous CXCL8, with a particu-
lar emphasis on previously reported induction of hypertrophic di"erentiation re#ected 
by type X collagen up-regulation. The e"ect of CXCL8 on cartilage matrix integrity was 
evaluated by culturing osteoarthritic explants in the presence of exogenously added 
CXCL8. 

Results

CXCL8 was present in the synovial #uid of healthy, cartilage defect and osteoarthritic 
donors without apparent di"erences. However, CXCL8 production by chondrocytes 
during regeneration was dependent on the origin of the tissue, osteoarthritic chondro-
cytes producing more CXCL8 than chondrocytes obtained from a defect, which in turn 
produced more than healthy chondrocytes (p<0.001). Inhibition of endogenous CXCL8 
produced by chondrocytes resulted in a statistically signi!cant but minor reduction 
in glycosaminoglycan (GAG) release (p=0.043). Conversely, exogenously added CXCL8 
increased GAG release slighlty (p=0.027). No induction of hypertrophic di"erentation 
was found. Addition of CXCL8 to osteoarthritic explants did not a"ect cartilage matrix 
turnover. 

Conclusion

CXCL8 is not di"erentially regulated in vivo, but its production by regenerating chon-
drocytes is dependent on the original disease status of the joint. However, its e"ects 
on cartilage regeneration are minor and it does not induce hypertrophy as suggested 
previously. 
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INTRODUCTION

Focal cartilage lesions, if left untreated can lead to progressive pain and symptoms and 
ultimately the development of osteoarthritis (OA). Current treatments such as autolo-
gous chondrocyte implantation (ACI) employ tissue-engineering techniques to repair 
the cartilage defect. Despite many developments in culture conditions, biomaterials 
and cell selection, the !nal repair tissue is hyaline-like at best and therefore suboptimal. 
Currently, only chondrocytes obtained from healthy cartilage are used for ACI, but ide-
ally also chondrocytes from the cartilage that is debrided from the rims of the defect 
during the procedure may be used to avoid further damage. In addition, extension of 
the indication for ACI may be a promising approach for treatment of early OA. 

Besides the chondrocytes used, also the environment in which the cells are reim-
planted greatly a"ects the cartilage regeneration. Clinical outcomes of ACI in patients 
with OA are disappointing147 and in vivo cartilage repair in old defects is more challenging 
than in fresh defects34, 46. The synovial #uid of OA and traumatized joints contains soluble 
factors that negatively a"ect cartilage repair81, 82. Modulating the joint environment by 
targeting soluble mediators known to inhibit regeneration may provide a cue to further 
improve regenerative treatments for cartilage pathology. 

Catabolic factors known to be present in the synovial #uid of traumatized and OA 
joints such as interleukin-1 (IL-1) and tumor necrosis factor-  (TNF- ) have an estab-
lished negative role in cartilage turnover. However, their presence in the synovial #uid is 
limited48, 66, 217 and inhibition of these factors has only partially been able to counteract 
the inhibition of cartilage matrix formation in an osteoarthritic environment218. There-
fore it is likely that other factors in the synovial #uid contribute to the observed impaired 
cartilage regeneration. 

One of the other in#ammatory factors postulated to play a role in cartilage destruc-
tion is CXCL8. It is present in joints with rheumatoid arthritis and its levels were correlated 
to clinical signs of disease219. Also in anterior cruciate ligament injury220, 221 and OA220, 222 
the presence of CXCL8 has been described, but whether or not the levels are elevated 
is controversial, because comparative data on healthy joints were scarce till now. Also 
it is unknown whether in joints with symptomatic cartilage defects CXCL8 is present. 
CXCL8 was found to be produced by cells of various joint tissues such as monocytes/
macrophages, !broblasts, chondrocytes, osteoblasts and fat pad cells220, 223-225. It induced 
chemotaxis of neutrophils and neutrophil degranulation and could enhance the release 
of in#ammatory cytokines by mononuclear cells220.

In addition to being proin#ammatory, CXCL8 has been reported to induce chondro-
cyte hypertrophy as re#ected by the induction of type X collagen production73, 226, 227, 
chondrocyte apoptosis228, 229 and production of catabolic enzymes such as lysosomal 
glycosidases and matrix metalloproteinase (MMP)-3230. Hypertrophy is a hallmark fea-
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ture of OA cartilage, and inadvertent endochondral ossi!cation is thought to lead to 
intralesional osteophytes after cartilage repair surgeries231. The presence of CXCL8 
in synovial #uid could play a role here. However, despite the in#ammatory response 
induced by CXCL8, no data are available on the actual e"ect of CXCL8 on cartilage 
regeneration, nor is it clear whether joint pathology is accompanied by upregulation of 
CXCL8. This study measures the presence of CXCL8 in the synovial #uid of patients with 
symptomatic cartilage defects in comparison to healthy controls and OA patients and 
its production by isolated cells during regeneration is measured. Furthermore the role of 
CXCL8 is evaluated in in vitro cartilage regeneration by articular chondrocytes harvested 
from cartilage defect areas and in repair by OA explants. 

MATERIALS AND METHODS

Synovial !uid and cartilage sample collection 

All use of patient material in this study was approved by the local ethics committee. 
Healthy cartilage (n=13) and synovial #uid (n=20, age 25 to 47, average 39.6 years) was 
obtained during autopsy within 24 hours post-mortem from donors with no document-
ed history of joint disease and macroscopically intact and healthy appearing cartilage 
and surrounding knee joint tissues. Debrided defect cartilage (n=13) and synovial #uid 
(n=22, age 20 to 48, average 33.0 years) was obtained from donors undergoing ACI. Dur-
ing this procedure the cartilage defect (Outerbridge grade III) was debrided to remove 
all cartilage remnants down to the subchondral bone and create a stable cartilage rim. 
OA cartilage (n=24) and synovial #uid (n=27, age 53 to 81, average 69.5 years) was ob-
tained from donors undergoing total knee arthroplasty for end-stage OA (Outerbridge 
grade IV). Synovial #uids were aspirated using a small syringe. Defect and OA cartilage 
were placed in DMEM after removal and processed directly postoperatively, within one 
hour after removal. 

Cell isolation 

Cartilage tissue was rinsed in phosphate bu"ered saline (PBS), cut into small pieces 
and enzymatically digested overnight at 37 C in a 0.15% collagenase type II solution 
(Worthington, Lakewood, USA) in Dulbecco’s modi!ed Eagle’s medium (DMEM, Gibco, 
Life Technologies, Bleiswijk, The Netherlands) with penicillin/streptomycin (100 U/
ml/100 0g/ml, Invitrogen, Life Technologies). After digestion, the cell suspension 
was !ltered through a 70 0m cell strainer (BD Biosciences, San Diego, USA), and the 
chondrocytes were spun down by centrifugation at 300 g. Chondrocytes were then 
washed in PBS and counted and assessed for viability using Trypan Blue (Sigma-Aldrich, 
Zwijndrecht, the Netherlands) and a Burker-Turk haemocytometer. Cells were seeded at 
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a density of 5000 cells per cm2 in monolayer at 37 C and 5% CO2 in expansion medium 
consisting of DMEM, 10% fetal bovine serum (Hyclone, Thermo Scienti!c, Etten-Leur, the 
Netherlands), penicillin/streptomycin (100 U/100 0g/ml) and 10 ng/ml basic !broblast 
growth factor (bFGF; R&D Systems, Minneapolis, USA) and used at passage 2.

Regeneration culture

After two passages, the chondrocytes were redi"erentiated on collagen type II coated 
(chicken sternal cartilage, #C9301, Sigma-Aldrich) Millicell !lters (Millipore Co., Bedford, 
USA), at a seeding density of 1.6x106 cells per cm2 232, 233. Chondrocytes were cultured 
during 28 days in redi"erentiation medium consisting of DMEM, 0.2 mM l-ascorbic 
acid-2-phosphate (AsAp, Sigma-Aldrich), 2% human serum albumin (Sanquin, the Neth-
erlands), penicillin/streptomycin (100 U/100 0g/ml), 2% insulin-transferrin-selenium 
(ITS)-X (Invitrogen) and 5 ng/mL TGF-'2 (R&D systems). The e"ect of exogenous CXCL8 
was investigated by the addition of rhCXCL8 (#208-IL; R&D Systems) to both healthy 
(n=3) and OA (n=3) chondrocytes. A concentration of 10 ng/ml CXCL8 was chosen based 
on previously reported induction of hypertrophic di"erentiation of chondrocytes with 
this concentration73, 227. Since cartilage defect and OA chondrocytes turned out to pro-
duce high levels of CXCL8 during redi"erentiation, we also studied the role of CXCL8 in 
tissue regeneration by cartilage defect chondrocytes (n=3) and OA chondrocytes (n=3) 
through blockage of CXCL8 with an activity-inhibiting antibody. To this end, the me-
dium was supplemented with either 1 µg/ml anti-hCXCL8 (puri!ed mouse monoclonal 
IgG1; #MAB208, R&D Systems) or IgG1 isotype control (#MAB002; R&D Systems). The dose 
of 1 µg/ml anti-hCXCL8 was chosen based on its ability to completely neutralize che-
motaxis of the CXCR2-transfected BaF3 mouse cell line in response to 20 ng/ml CXCL8 
(data provided by the manufacturer), a concentration that far exceeds the maximum 
concentration reached in the regeneration cultures. Medium was changed three times 
a week. Per condition, six !lters were seeded, !ve for biochemical analysis and one for 
histological evaluation. 

Osteoarthritic explant culture

OA cartilage from eight donors was cut into explants of 1 mm by 1 mm with mean 
SD wet weight of 11.9  3.7 mg per cartilage explant, at three to eight explants per 
condition. The explants were pre-cultured for 24 hours in culture medium, consisting 
of DMEM, penicillin/streptomycin (100 U/100 0g/ml), 1% ITS-X, 0.1 mM AsAp and 0.2% 
proline (Sigma-Aldrich), after which either or not recombinant human CXCL8 (10 ng/ml, 
R&D Systems) was added. In a limited set of experiments (n=6 donors), IL-1' (Gibco, Life 
Technologies) was added at 100 pg/ml or 10 ng/ml to check for a possible synergistic ef-
fect with CXCL8 on cartilage matrix breakdown. Explants were cultured for an additional 
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10 days with medium renewal every other day and the supernatant was collected and 
stored at -20 °C until later analysis. 

Measurement of IL-8 levels

To determine the CXCL8 levels in the synovial #uids of healthy, cartilage defect and 
OA donors and in conditioned media of healthy, cartilage defect and OA chondrocytes 
during regeneration, a multiplex ELISA was used as previously described141, 142. Brie#y, 
speci!c antibodies were coupled to carboxylated beads (Luminex Corperation, Austin, 
USA). Recombinant CXCL8 was used to make a standard curve. Synovial #uid samples 
were !rst treated with hyaluronidase (10 mg/ml, Sigma-Aldrich), for 30 min at 37 C. 
Conditioned media samples were directly incubated with the coupled beads. After 
incubation with the appropriate biotinylated antibodies, samples were thoroughly 
washed and incubated with streptavidin–phycoerythrin (BD Biosciences) for 10 minutes. 
After washing, the samples were measured and analyzed using the Bio-Plex suspension 
system (Bio-Rad Laboratories, Hercules, USA) with Bio-Plex Manager software, version 
3.0. The concentration of CXCL8 in the media and synovial #uid was calculated using the 
standard curves, with results expressed as pg/ml. Results of speci!c ELISAs for determi-
nation of CXCL8 have previously been shown to be comparable to Luminex analysis62. 

Glycosaminoglycan and DNA analysis

After culture, the samples were digested overnight in a papain bu"er (250 0g/ml papain 
(Sigma-Aldrich) in 50 mM EDTA and 5 mM L-cysteine, pH 6.0) at 56 ºC, followed by de-
termination of the glycosaminoglycan (GAG) content using the dimethylmethylene blue 
(DMMB) assay145. The ratio of absorption at 540 nm to 595 nm was used to calculate the 
GAG content, using chondroitin sulphate (shark; Sigma-Aldrich) as a standard.

The DNA content per sample was determined from the papain digest using a Pico-
green DNA assay (Invitrogen) in accordance with the manufacturer’s instructions.

MMP activity assay 

An MMP activity assay was performed as previously described234. Brie#y, 100 0l of 10 
0M FS-6 (Bachem, Bubendorf Switzerland) in bu"er (0.1 M Tris, 0.1 M NaCl, 10 mM CaCl2, 
0.05% (w/v) Triton X-100, 0.1% (w/v) PEG6000, pH 7.5) was added to 100 0l of conditioned 
medium of CXCL8 supplemented cultures (day 7 and day 14). Conditioned medium of 
osteoarthritic chondrocytes stimulated with 10 ng/ml TNF$ (R&D Systems) was taken 
along as a positive control. Development of the #uorescent signal was monitored over 
24 hours. The linear slope (RFU/h) was calculated as a measure of general MMP activity. 



87

Histological evaluation

Neocartilage on !lters was !xed in 4% bu"ered formaldehyde, dehydrated in alcohol, 
rinsed in xylene and in!ltrated and embedded with para(n. For histology, 5 0m sections 
were depara(nized in xylene, rehydrated in alcohol and stained with safranin-O (Merck, 
Germany) for GAG and counterstained with Weigert’s haematoxylin (Klinipath, the Neth-
erlands) and 0.4% fast green (Merck, Germany) for nuclei and cytoplasm, respectively. 
The deposition of type II collagen was evaluated by immunohistochemistry as described 
below.

To evaluate hypertrophic di"erentiation, the highly speci!c marker collagen type X 
collagen and two other markers of hypertrophy, namely osteopontin and osteonectin 
were evaluated by immunohistochemistry235. For type X collagen immunohistochem-
istry, antigen retrieval was performed on rehydrated para(n sections by a 2 h pepsin 
(Sigma-Aldrich, 1 mg/ml in 0.1 N HCl) step at 37 °C followed by hyaluronidase incubation 
(Sigma-Aldrich, 10 mg/ml in PBS) for 30 min at 37 °C. For osteopontin, osteonectin and 
type II collagen antigen retrieval was performed by 1 mg/ml pronase (Sigma-Aldrich) for 
30 min at 37 °C followed by hyaluronidase incubation for 30 min at 37 °C. After antigen 
retrieval, the sections were blocked using a PBS-BSA 5% solution for 30 min followed 
by overnight incubation at 4 °C with primary antibody against human collagen type 
X, clone 53 (Quartett, Germany, 1/20 in 5% PBS/BSA), primary antibody against human 
osteopontin (MPIIIB10-1 1/100 in 5% PBS/BSA, Hybridomabank, USA), primary antibody 
against human osteonectin (AON-1 1/100 in 5% PBS/BSA, Hybridomabank, USA) or 
primary antibody against human type II collagen (II-II6B3 1/100 in 5% PBS/BSA, Hybrid-
omabank, USA). A biotinylated secondary anti-mouse antibody was used (GE Health-
care, UK; 1/200 in 5% PBS/BSA) for 1 h at RT, followed by incubation with streptavidin/
peroxidase (Beckman Coulter, USA 1/500 in 5% PBS/BSA) 1 h at RT. Antibody binding was 
visualized using 3-diaminobenzidine (DAB, Sigma-Aldrich). All immunohistochemical 
sections were counterstained using Mayer’s haematoxylin. A minimum of three sections 
per donor per condition were stained. Human tibial growth plate was used as a positive 
control for the hypertrophic di"erentiation markers and human healthy cartilage for 
type II collagen and mouse IgG1 (Dako, Heverlee, Belgium) for isotype control. 

Statistical analysis

All statistical analyses were performed using SPSS 18.0. Results are displayed as mean 
± standard deviation (SD). Di"erences in CXCL8 concentration were determined by 
ANOVA for the synovial #uids, and by nested ANOVA for the conditioned media, both 
with post hoc t-test with Bonferroni correction. Di"erences between control and test 
samples (either addition or inhibition of CXCL8) in cartilage matrix formation and MMP 
activity were determined by univariate analysis of variance with randomized block 
design to correct for interdonor variability. Two-way ANOVA was used to evaluate both 
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individual and interaction e"ects of IL-1' and CXCL8 on OA cartilage explants. Normal 
distribution of the residuals was veri!ed by Kolmogorov-Smirnov test and homogeneity 
of variances by Levene’s test.

RESULTS

CXCL8 in synovial !uid

The synovial #uid of cartilage defect donors contained 27  7 pg/ml CXCL8, which was 
comparable to that of healthy donors (mean 29 7 pg/ml), and slightly lower than that 
of OA donors (mean 52 18 pg/ml), although this di"erence did not reach statistical 
signi!cance (Figure 1A). 
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Figure 1. Concentration of CXCL8 in the synovial "uid (1A) and conditioned media (1B) of chondro-
cytes during regeneration from healthy (H), cartilage defect  (CD) and osteoarthritic (OA) donors. 
1A: Concentration CXCL8 in synovial #uid (SF) of healthy (H), cartilage defect (CD) and osteoarthritic (OA) 
donors. Note the logarithmic scale on the y-axis. 1B: Passage 2 expanded chondrocytes from healthy (H), 
cartilage defect (CD) and osteoarthritic (OA) cartilage were seeded at high density on type II collagen-
coated !lters and cultured during 28 days. Concentration of CXCL8 in conditioned media of chondrocytes 
during regeneration on day 7; *p<0.001. 

Figure 2. Cartilage matrix formation. Representative safranin-O and type II collagen staining of healthy 
and osteoarthritic chondrocytes redi"erentiated on !lters during 28 days with or without addition of 10 ng/
ml CXCL8. Scalebars indicate 100 0m. 
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CXCL8 production in regeneration culture 

Chondrocytes during regeneration released high concentrations of CXCL8 into the 
culture media (Figure 1B). OA chondrocytes (3927  3592 pg/ml) produced signi!cantly 
more CXCL8 than cartilage defect chondrocytes (1306  1703 pg/ml) and healthy chon-
drocytes (865  1430 pg/ml, p<0.001). Cartilage defect chondrocytes, in turn, produced 
signi!cantly more CXCL8 than healthy chondrocytes (p<0.001). 

GAG turnover and DNA content in regeneration culture

Overall regeneration (GAG/DNA between 10-20 g/ g) was similar tor previously 
reported for this regeneration model150, 236. Safranin-O staining showed moderate to 
abundant presence of GAGs and mild to moderate staining for type II collagen without 
apparent di"erences between controls and CXCL8-supplemented cultures (Figure 2). Ad-
dition of 10 ng/ml exogenous CXCL8 during chondrocyte redi"erentiation showed small 
di"erential e"ects at the biochemical level in healthy and osteoarthritic chondrocytes. 
CXCL8 increased GAG release into the medium in healthy, but not in OA chondrocytes 
(471  110 g versus 420  106 g for healthy chondrocytes, 358 151 g versus 380  
153 g for OA chondrocytes; Figure 3). However, this increased GAG release was very 
limited and not explained by di"erences in MMP activity as this was generally low and 
not di"erent between controls and CXCL8 supplemented cultures, both at day 7 (Figure 
4) and day 14 (data not shown).

Similarly, inhibition of CXCL8 activity during cartilage defect chondrocyte redif-
ferentiation marginally decreased GAG release into the media (340  96 g versus 365 
 96 g, p=0.01; Figure 5). In osteoarthritic chondrocytes, inhibition of CXCL8 slightly 
decreased DNA content (6.8  1.7 g versus 7.5  1.7 g, p=0.001). 
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Figure 3. Cartilage regeneration in the presence of CXCL8. GAG content, DNA and GAG release by 
healthy and osteoarthritic (OA) chondrocytes redi"erentiated on !lters during 28 days with or without 10 
ng/ml exogenous CXCL8 (mean  SD in g). Values are presented as percentage of the controls without 
CLCX8.; *p=0.03. 
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GAG turnover and DNA content in osteoarthritic explant culture

To study the e"ect of the presence of CXCL8 on existing cartilage tissue, we performed 
cartilage explant studies in the presence of CXLC8. As the availability of explants from 
defect cartilage was too limited, only OA cartilage explants were used.3 Addition of 
CXCL8 to osteoarthritic explants did not alter cartilage matrix metabolism as measured 
by GAG and DNA content at the end of culture. Also GAG release from the explants was 
not modulated by CXCL8 (Figure 6). Although IL-1' addition did result in an increase in 
GAG release, the presence of CXCL8 did not enhance this e"ect (Figure 7). 
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Figure 4. MMP activity during regeneration. Relative #uorescent units per hour (RFU/hour) were cal-
culated as a measure of general MMP activity of healthy and OA chondrocytes with or without 10 ng/ml 
exogenous CXCL8 (mean  SD) at day 7 of regeneration culture. Conditioned medium of osteoarthritic 
chondrocytes stimulated with 10 ng/ml TNF$ were taken along as positive control; *p<0.05.
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Figure 5. Cartilage regeneration after inhibition of endogenously produced CXCL8. GAG content, 
DNA and GAG release in cartilage defect (CD) and osteoarthritic (OA) chondrocytes redi"erentiated on 
!lters during 28 days with or without inhibition of CXCL8 (mean  SD in g). Values are presented as per-
centage of the controls cultured in the presence of isotype antibody; *p+0.02. 
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Immunohistochemical evaluation of hypertrophic markers

Overall, very little collagen type X was formed during cartilage regeneration. Occasion-
ally some positive staining was observed in the cell cytoplasm in both healthy and OA 
chondrocytes, but even exogenous addition of high concentrations of recombinant 
CXCL8 to chondrocyte regeneration culture did not increase type X collagen deposition 
(Figure 8). Furthermore, no staining for osteopontin and osteonectin was observed, 
regardless of CXCL8 addition or inhibition (data not shown). 
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Figure 6. OA cartilage explant culture with or without exogenous CXCL8. GAG content, DNA and GAG 
release in osteoarthritic explants from eight donors either or not supplemented with 10 ng/ml recombi-
nant CXCL8 (mean  SD in g). Values are presented as percentage of the controls without CLCX8.
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Figure 7. OA cartilage explant culture with IL-1$ and CXCL8. GAG release in osteoarthritic explants from 
six donors either or not supplemented with 10 ng/ml CXCL8 and/or 0, 0.1 or 10 ng/ml IL-1' (mean  SD in 

g/mg cartilage). IL-1' signi!cantly increased GAG release (p=0.031, *p<0.05), but there was no additive 
e"ect of CXCL8 (p=0.657). 
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DISCUSSION

This study demonstrates the presence of the proin#ammatory chemokine CXCL8 in 
the synovial #uid of healthy, cartilage defect and OA donors, without any apparent 
di"erences. However, during regeneration of chondrocytes, high levels of CXCL8 are 
produced that varied with the disease status of the cartilage the cells were obtained 
from. OA chondrocytes produced more CXCL8 than healthy and cartilage defect chon-
drocytes and cartilage defect chondrocytes produced more than healthy chondrocytes. 
Although the inhibition of CXCL8 activity during regeneration of cartilage by healthy 
and cartilage defect chondrocytes resulted in a signi!cant decrease of GAG release, 
this e"ect was very small and in OA chondrocytes only a decreased DNA content was 
found. Also in OA cartilage explants, no e"ect of CXCL8 on cartilage turnover was found. 
Importantly, in none of the regeneration cultures nor in the explant model an e"ect of 
CXLC8 on type X collagen or other markers of hypertrophic di"erentiation was noted.

CXCL8 has been demonstrated in the synovial #uid of patients with knee osteoarthri-
tis or other knee pathology, but whether or not its levels were increased as opposed to 
healthy joints was uncertain because generally healthy controls were lacking in these 
studies66, 220-222, 237. We found no signi!cant di"erences in the concentrations of CXCL8 
between healthy and OA donors, which is in line with a recent study in which for the !rst 
time levels of CXCL8 in synovial #uids collected from healthy donors within 24 hours 
post-mortem, were compared to synovial #uid of an OA population of a wide range of 
disease severity, including also mild OA66. In the current study, the variation in CXCL8 
levels in the synovial #uid of all three types of donors was large, therefore a larger 
sample size may have still resulted in di"erences, although these would likely have been 

Figure 8. Type X collagen production in neocartilage formed in the presence of CXCL8. Type X col-
lagen in healthy and osteoarthritic chondrocytes regenerating on !lters with or without exogenous CXCL8. 
Occasionally some positive staining for type X collagen was found in the cell cytoplasm, but not in the 
matrix and independent of CXCL8 activity. Human tibial growth plate was used as a positive control and 
mouse IgG1 for isotype control. 
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small. For joints with cartilage defects CXCL8 levels in the synovial #uid had not been 
compared to healthy joints until now. No signi!cant di"erence in CXCL8 concentration 
existed when compared to both healthy and osteoarthritic synovial #uids. This is in con-
trast to previous data on CXCL8 levels measured after ACL rupture, which were shown 
to be high immediately after injury and subsequently decrease in the course of three 
weeks221, suggesting an acute and a more chronic phase in its production. In the current 
study, synovial #uid sampling in the symptomatic cartilage defect patient group was 
performed per-operatively, with at least several weeks between the time of injury and 
treatment. Therefore we cannot exclude that CXCL8 levels might have been higher in 
the more acute stage. 

Despite the absence of clear di"erences in synovial #uid CLCX8 levels, CXCL8 produc-
tion during regeneration was elevated by chondrocytes from cartilage debrided from the 
rims of defects and OA cartilage, even after expansion and concurrent dedi"erentiation. 
A major mode of action suggested previously for CXCL8 is the induction of chondrocyte 
hypertrophy, as re#ected by type X collagen production73. This is a characteristic of OA 
and also found in repair tissue after treatment for cartilage defects and the high levels 
produced by cells from diseased joints may therefore explain this phenomenon. How-
ever, in the current study only occasionally some positive staining for type X collagen 
was demonstrated in the cell cytoplasm, but not in the matrix and irrespective of CXCL8 
activity, suggesting hypertrophic di"erentiation is not induced by this factor. This was 
also supported by the absence of osteopontin and osteonectin. The discrepancy with 
previously found upregulation of type X collagen production, may be explained by the 
fact that these studies were based on chondrocytes in suspension culture, which is quite 
uncommon and does not represent physiological repair. 

CXCL8 is also known as a key cytokine known to be secreted by senescent cells, as 
part of the senescence-associated secretory phenotype (SASP)164, 165. The senescence-
like phenotype has been reported in OA chondrocytes, especially near osteoarthritic 
lesions166, 167. It is tempting to speculate that also chondrocytes debrided from the rims 
of defects may have become more senescent by the incurrence of trauma, albeit not to 
the same extent as in OA chondrocytes. A higher degree of senescence in OA chondro-
cytes may additionally also be explained by the higher age of OA donors. Autocrine or 
paracrine stimulation may then further enhance senescence as CXCL8 can reinforce it164, 
especially in OA cartilage where CXCL8 and its receptors CXCR1 and CXCR2 appeared to 
be upregulated230, 238. Whether senescence would be relevant for the application of these 
cells in cartilage regeneration in the course of ACI is not clear. Although regeneration 
achieved with OA and defect chondrocytes was not di"erent from cells expressing lower 
levels of IL-8, it cannot be excluded that on the long run in vivo the tissue may have been 
more unstable.
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Besides inducing senescence, CXCL8 is also a known mitogen in other diseases such 
as the hyperplasia of the airway smooth muscle mass in asthma239 and various human 
cancers240. We found a small decrease in DNA content after four weeks of regeneration 
by OA chondrocytes and further research should be directed at evaluating whether 
CXCL8 also plays a role in the chondrocyte proliferation observed in OA. 

CXCL8 stimulation of passage 2 expanded healthy chondrocytes, the cells employed 
in ACI, very marginally increased the release of proteoglycans into the medium and 
likewise its inhibition slightly decreased release by healthy and cartilage defect chon-
drocytes. CXCL8 has been shown capable of induction of N-acetyl- -D-glucosaminidase, 
a lysosomal glycosidase, which is able to degrade glycosaminoglycans and hyaluronic 
acid230. Cultured chondrocytes produce various glycosidases, which in turn have been 
shown to increase GAG release241. However, it is unclear to what extent these mechanisms 
are also relevant in vivo, especially in the presence of other cytokines that may enhance 
or counteract the e"ects of CXL8. No e"ects on matrix production were observed in 
OA chondrocytes, during regeneration nor explant culture, also not when co-stimulated 
with IL-1, a pivotal cytokine in OA that enhances the e"ects of many other in#ammatory 
cytokines242. This may be related to the observation that OA chondrocytes have been 
shown to be less responsive to both anabolic and catabolic stimuli243, 244, which may be 
at least partly caused by the higher age of OA donors244. In addition, epigenetic regula-
tion, shown to occur in osteoarthritic chondrocytes245 may play a role in altering their 
response. 

In conclusion we show that the proin#ammatory cytokine CXCL8 is also present in the 
synovial #uid of patients with symptomatic cartilage defects, although it does not seem 
to be di"erentially regulated in vivo. In vitro, the e"ects on cartilage regeneration were 
negligible and hypertrophic di"erentiation was not induced. However, the increased 
release of CXCL8 by defect and OA chondrocytes, possibly indicating higher senescence, 
may require more attention, especially as pre-clinical research is exploring the option of 
defect and OA chondrocytes for ACI. 
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ABSTRACT

Introduction

This study aimed to determine whether, as in osteoarthritis, increased levels of inter-
leukin-6 (IL-6) are present in the synovial #uid of patients with symptomatic cartilage 
defects and whether this IL-6 a"ects cartilage regeneration as well as the cartilage in the 
degenerated knee. 

Methods

IL-6 concentrations were determined by ELISA in synovial #uid and in conditioned me-
dia of chondrocytes regenerating cartilage. Chondrocytes were obtained from donors 
with symptomatic cartilage defects, healthy and osteoarthritic donors. The e"ect of IL-6 
on cartilage regeneration and on metabolism of the resident cartilage in the knee was 
studied by both inhibition of endogenous IL-6 and addition of IL-6, in a regeneration 
model and in osteoarthritic explants in the presence of synovial #uid, respectively. 
Readout parameters were DNA and glycosaminoglycan (GAG) content and release. Dif-
ferences between controls and IL-6 blocked or supplemented samples were determined 
by univariate analysis of variance using a randomized block design.

Results

Synovial #uid of patients with symptomatic cartilage defects contained more IL-6 than 
synovial #uid of healthy donors (p = 0.001) and did not di"er from osteoarthritic do-
nors. IL-6 production of osteoarthritic chondrocytes during cartilage regeneration was 
higher than that of healthy and defect chondrocytes (p <0.001). Adding IL-6 increased 
GAG production by healthy chondrocytes and decreased GAG release by osteoarthritic 
chondrocytes (p <0.05). Inhibition of IL-6 present in osteoarthritic synovial #uid showed 
a trend towards decreased GAG content of the explants (p = 0.06). 

Conclusions

Our results support a modest anabolic role for IL-6 in cartilage matrix production. Tar-
geting multiple cytokines, including IL-6, may be e"ective in improving cartilage repair 
in symptomatic cartilage defects and osteoarthritis. 
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INTRODUCTION

Cytokines are thought to play an important role in articular cartilage degeneration246. 
In rheumatoid arthritis (RA), the pro-in#ammatory cytokines tumor necrosis factor-$ 
(TNF-$) and interleukin-1 (IL-1) are known to have pivotal roles in its pathophysiology135. 
In addition to IL-1 and TNF-$, interleukin-6 (IL-6) has been demonstrated to play a role 
in cartilage degeneration in RA. In mice models of RA, cartilage destruction was shown 
to be dependent on IL-6247, 248. Furthermore, tocilizumab, a humanized monoclonal 
antibody against the IL-6 receptor, now has an established role in the treatment of RA249. 
Besides e(cacy in the amelioration of clinical signs and symptoms, tocilizumab has 
also demonstrated to reduce joint space narrowing and levels of cartilage degradation 
biomarkers250-252. 

Although not as pronounced as in RA, mild and intermittent in#ammation is fre-
quently observed in symptomatic focal cartilage lesions, a condition thought to pre-
dispose to the development of osteoarthritis (OA), and in OA. Elevated concentrations 
of in#ammatory mediators, including IL-6, have been found in the serum and synovial 
#uid of OA patients66, 85, 217, 253-257 and correlated to radiographic knee OA258, 259. However, 
the presence of IL-6 in joints with symptomatic cartilage defects has not been evaluated 
until now. In other joint injuries known to predispose to OA, such as anterior cruciate 
ligament (ACL) injuries50, 67, 68 and meniscal tears253, 260, increased levels of IL-6 have been 
detected in the synovial #uid. High levels of intra-articular in#ammatory cytokines may, 
in addition to causing degeneration, also hamper tissue regeneration as cartilage repair 
is a"ected by the composition of the synovial #uid34, 81, 82. 

In OA most of the IL-6 present in the knee originates from the synovium62. However, 
chondrocytes in culture are capable of producing IL-6, albeit at low levels under most 
conditions261-263. Various stimuli, such as in#ammatory molecules264, 265 and binding of 
(fragmented) matrix components, which bind through discoidin domain receptor 2 
(DDR2)203, 266 have been reported to induce IL-6 synthesis, and these mechanisms are also 
proposed to play a role in OA. Chondrocytes can be stimulated by IL-6 either by binding 
directly to the gp80 receptor, or more commonly through trans-signaling, in which IL-6 
binds !rst to the soluble IL-6 receptor $ (IL-6R$) in the synovial #uid, and then forms a 
heterodimeric association with the membrane-bound gp130 receptor267.

Despite its possible role in OA, studies investigating the role of IL-6 in OA models 
have provided inconsistent results. In vitro stimulation of chondrocytes with IL-6 has re-
vealed anabolic e"ects, such as up-regulation of tissue inhibitor of metalloproteinases-1 
(TIMP-1)268 and type II collagen269, as well as catabolic e"ects, such as down-regulation 
of cartilage matrix genes270, 271, inhibition of proteoglycan synthesis272 and stimulation of 
aggrecanase production71, 273. In vivo models have also revealed both chondroprotective 
and chondrodegenerative properties of IL-6. A protective role of IL-6 in a spontaneous 
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OA model was reported in ageing male mice274, but through both mechanically induced 
OA and OA induced by hypoxia-inducible factor-2$ (HIF-2$), IL-6 was identi!ed as the 
mediator of cartilage degradation275. However, many other studies have failed to dem-
onstrate a direct e"ect of IL-6 on cartilage matrix metabolism276-278. One of the explana-
tions for this lack of e"ect may lie in the simpli!ed set up of many studies in which IL-6 
has been added, since the action of IL-6 may depend on other factors in the joint, in 
particular in the synovial #uid. 

This study evaluated the presence of IL-6 in the synovial #uid of patients with symp-
tomatic cartilage lesions and patients with late stage OA, its production by chondro-
cytes isolated from these patients, and its role in cartilage regeneration. In addition, to 
evaluate the possible e"ects of high levels of IL-6 in the synovial #uid on cartilage in the 
knee, we cultured OA cartilage explants in the presence of OA synovial #uid in which IL-6 
was selectively inhibited. 

MATERIALS AND METHODS

Synovial !uid and cartilage sample collection and cell isolation

Collection of all patient material was done according to the Medical Ethical regulations 
of the University Medical Centre Utrecht and according to the guideline ‘good use of 
redundant tissue for clinical research’ constructed by the Dutch Federation of Medical 
Research Societies on collection of redundant tissue for research139. This study does not 
meet the de!nition of human subjects research or require informed consent and anony-
mous use of redundant tissue for research purposes is part of the standard treatment 
agreement with patients in our hospital140.

Macroscopically healthy articular cartilage (n=6) and synovial #uid (n=20, age 25 
to 47, average 40 years) were obtained from donors without any history of major joint 
trauma, osteoarthritis or in#ammatory joint disease and absence of cartilage defects 
and synovial in#ammation upon inspection of the knee within 24 hours post-mortem. 
Consistently only one knee per donor was used. Defect cartilage (n=3) and synovial #uid 
(n=22, age 20 to 48, average 33 years) were obtained from donors undergoing either 
microfracture or autologous chondrocyte implantation (ACI) for focal grade III and IV car-
tilage defects (only grade III cartilage was used for chondrocyte isolation). During those 
procedures, the cartilage defect was debrided to remove all cartilage remnants down 
to the subchondral bone and create a stable cartilage rim. The debrided cartilage was 
used for chondrocyte isolation. Chondrocytes from this location were recently shown 
to have good regenerative capacities compared to cells harvested from non-weight 
bearing cartilage normally used for ACI138. Of the 22 patients with symptomatic cartilage 
defects, one had an associated ACL injury and a history of partial meniscectomy, another 
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three had previously received partial meniscectomies and one had undergone an ACL 
reconstruction. OA cartilage (n=12) and synovial #uid (n=27, age 53 to 81, average 70 
years) were obtained from donors undergoing total knee arthroplasty. Synovial #uid 
was centrifuged at 13000 g for two minutes to remove debris, and stored at -80 °C until 
use or analysis. Glucocorticoids a"ecting cytokine production are not prescribed at 
our institution for patients with focal cartilage lesions and patients with end-stage OA 
eligible for total knee replacement.

Cartilage samples were rinsed in phosphate bu"ered saline (PBS), cut into small 
pieces and enzymatically digested overnight at 37 °C in a 0.15% collagenase type II 
(Worthington, Lakewood, NJ, USA) in Dulbecco’s modi!ed Eagle’s medium (DMEM; 
Gibco, Life Technologies, Bleiswijk, The Netherlands) with penicillin/streptomycin (100 
U/mL/100 0g/mL; Invitrogen, Life Technologies). After digestion, the cell suspension 
was !ltered through a 70 0m cell strainer (BD Biosciences, San Diego CA, USA), and the 
chondrocytes were spun down by 10 minutes centrifugation at 300 g. 

Measurement of IL-6 levels

To determine the IL-6 levels in the synovial #uids of healthy, defect and OA donors and 
in the conditioned media of healthy, defect and OA chondrocytes during regeneration, 
a multiplex ELISA was performed as previously described141, 142. A total of 12 cytokines 
were measured of which IL-6 was most di"erentially regulated by healthy, defect and 
OA donors and hence chosen for further investigation. Brie#y, speci!c antibodies (i.a. 
rat anti-human IL-6, MQ2-13A5; BD Biosciences) were coupled to carboxylated beads 
(Luminex Corporation, Austin TX, USA). Recombinant human IL-6 (BD Biosciences, 
#550071) was used to make a standard curve. Synovial #uid samples were !rst treated 
with hyaluronidase (type IV-S, Sigma-Aldrich, Zwijndrecht, The Netherlands) at a con-
centration of 20 U/ml for 30 minutes at 37 °C and then !ltered by centrifuging through 
a polypropylene tube containing a 0.22 0m nylon membrane (Spin-X column; Corning, 
Amsterdam, The Netherlands). Subsequently the synovial #uid samples were diluted 1:2 
with HPE-0.1375% Tween (Sanquin, Amsterdam, The Netherlands).  To block possible 
interfering antibodies present in the synovial #uid the samples were diluted with an 
equal volume of 10% (v/v) normal rat and mouse serum (Rockland, Gilbertsville PA, USA). 
Medium samples were directly incubated with the coupled beads. After incubation with 
the appropriate biotinylated antibodies (i.a. biotinylated rat anti-human IL-6, MQ2-39C3; 
BD Biosciences), samples were thoroughly washed and incubated with streptavidin–phy-
coerythrin (BD Biosciences) for 10 minutes. After washing, the samples were measured 
and analyzed using the Bio-Plex suspension system (Bio-Rad Laboratories, Hercules CA, 
USA) with Bio-Plex Manager software, version 3.0. The concentration of IL-6 in the media 
and synovial #uid was expressed as pg/mL using the standard curves. Results of speci!c 
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ELISAs for determination of IL-6 levels have previously been shown to be comparable to 
multiplex ELISA for conditioned medium, plasma and knee lavage samples62, 141, 260. 

Regeneration culture

Isolated chondrocytes from healthy, defect and OA cartilage were expanded in mono-
layer at 37 °C and 5% CO2 at a seeding density of 5000 cells per cm2 in expansion medium 
consisting of DMEM, 10% fetal bovine serum (Hyclone, Thermo Scienti!c, Etten-Leur, the 
Netherlands), penicillin/streptomycin (100 U/mL/1000g/mL) and 10 ng/mL basic !bro-
blast growth factor (bFGF; R&D Systems, Minneapolis, MN, USA). After two passages (P2), 
the chondrocytes were seeded on collagen type II-coated (Chicken sternal cartilage; 
Sigma-Aldrich, #C9301) Millicell !lters (Millipore Co., Bedford MA, USA), at 1.6x106 cells 
per cm2. Chondrocytes were redi"erentiated for 28 days in redi"erentiation medium 
consisting of DMEM, 0.2 mM l-ascorbic acid-2-phosphate (AsAp; Sigma-Aldrich), 2% 
human serum albumin (Sanquin, the Netherlands), penicillin/streptomycin (100 U/
mL/100 0g/mL), 2% insuline-transferrine-selenium (ITS)-X (Invitrogen) and 5 ng/mL 
transforming growth factor-'2 (TGF-'2; R&D systems). Since !brillar type II collagen was 
previously shown to induce IL-6 release from chondrocytes203, 266, we also measured the 
release of IL-6 from P2 chondrocytes (n=3 healthy donors) seeded at a density of 1.6x106 
cells per cm2 on !lters coated with type I collagen (rat tail; BD Biosciences, #354249), and 
denatured type I and II collagen. Collagen was denatured by heating for 45 minutes at 
70 °C. Levels of IL-6 in the conditioned media were determined by speci!c ELISA for IL-6 
(Cytoset; Invitrogen) according to the manufacturer’s instructions. 

Endogenous IL-6 production of defect chondrocytes proved to be not signi!cantly 
di"erent from healthy chondrocytes, which were both much lower than that of OA 
chondrocytes. Therefore the role of IL-6 endogenously produced by defect chondro-
cytes (n=3) and OA chondrocytes (n=3) was studied through blockage of IL-6 with an 
activity-inhibiting antibody. To this end, the medium was supplemented with either 
1 or 4 µg/mL anti-hIL-6 (puri!ed mouse monoclonal IgG1; R&D systems, #MAB206) or 
IgG1 isotype control (R&D systems, #MAB002). The dose of anti-hIL-6 was chosen based 
on an IL-6-dependent murine plasmacytoma proliferation assay, as described earlier279. 
Furthermore, IL-6 activity was blocked with 100 ng/mL tocilizumab (RoActemra®, Roche, 
Woerden, the Netherlands), a humanized monoclonal antibody directed against the IL-6 
receptor. The concentration of tocilizumab was chosen based on previously observed 
average concentrations of IL-6 receptor in the synovial #uid of patients with OA of 
approximately 10-40 ng/mL256, 257.  Since the e"ects of IL-6 inhibition were limited in 
expanded cells, we also veri!ed the e"ects of IL-6 inhibition in freshly isolated OA cells 
(P0; n=3). 

Endogenous IL-6 production was relatively low in healthy chondrocytes, so the pos-
sible e"ects of high concentrations of IL-6 were further investigated by the addition of 
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10 ng/mL rhIL-6 with 25 ng/mL rhIL-6R$ (R&D Systems, #206-IL, #227-SR) to both healthy 
(n=3) and OA (n=3) chondrocytes. Medium was changed three times a week and super-
natants were collected and stored at -80 °C until later analysis. Per condition, six !lters 
were seeded with chondrocytes, !ve for biochemical analyses and one for histological 
evaluation.

Osteoarthritic cartilage explant culture

OA cartilage from three donors was cut into explants of 41 mm by 1 mm with a mean 
wet weight (± SD) of 7.8 ± 2.8 mg. Cartilage explants were cultured for 14 days in explant 
medium consisting of DMEM, penicillin/streptomycin (100 U/mL/100 0g/mL), 1% ITS-X, 
0.1 mM AsAp and 0.2% proline (Sigma-Aldrich), which was supplemented with either 0 
or 25% (v/v) pooled OA synovial #uid from eight donors. Six explants per condition were 
used, !ve for biochemical analyses and one for histological evaluation. To study the role 
of IL-6 present in the synovial #uid, 4 ug/mL anti-hIL-6 or IgG1 isotype control and/or 100 
ng/mL tocilizumab were added to the medium. Medium was changed three times per 
week and collected and stored at -20 °C until later analysis. 

The role of IL-6 was also studied by the addition of IL-6 to culture medium. Explants 
from 8 OA donors (11.3 ± 3.8 mg, minimum of 3 explants per condition) were pre-
cultured for 24 hours in culture medium after which rhIL-6 (50 ng/mL) with IL-6 receptor 
(rhIL-6R$; 200 ng/mL)242 was added to experimental groups, but not to control groups. 
Explants were cultured for an additional 10 days with medium renewal every other day 
and the conditioned medium was collected and stored at -20 °C until later analysis. 

Glycosaminoglycan and DNA analysis

After culture, the explants and the regenerated tissue were digested overnight in a 
papain bu"er (250 0g/mL papain (Sigma-Aldrich) in 50 mM EDTA and 5 mM L-cysteine) 
at 56 ºC, followed by quanti!cation of the glycosaminoglycans (GAGs) content using 
the dimethylmethylene blue (DMMB) assay145. The ratio of absorption at 540 nm to 595 
nm was used to calculate the GAG content, using chondroitin-6-sulphate (shark; Sigma-
Aldrich) as a standard. The GAG content in conditioned medium was also measured. 

The DNA content in the papain digests was determined using a Picogreen DNA assay 
(Invitrogen) in accordance with the manufacturer’s instructions.

Histological evaluation

Both regenerated tissue and explants were !xed in 10% bu"ered formalin, dehydrated 
in alcohol, rinsed in xylene and in!ltrated and embedded with para(n. For histology, 
5 0m sections were stained with safranin-O (Merck, Darmstadt, Germany) for GAG and 
counterstained with Weigert’s haematoxylin (Klinipath, Duiven, the Netherlands) and 
0.4% fast green (Merck) for nuclei and cytoplasm, respectively. 
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Statistical analysis

All statistical analyses were performed using SPSS 18.0 (SPSS Inc., Chicago, IL, USA). Re-
sults are displayed as mean ± standard deviation (SD). Di"erences between controls and 
IL-6 blocked samples and di"erences between controls and IL-6 supplemented samples 
were determined by univariate analysis of variance using a randomized block design 
and post hoc LSD-test when four or more conditions were compared to each other. Dif-
ferences in IL-6 concentration were determined by the Kruskal-Wallis test, using post 
hoc Mann-Whitney U-test and Bonferroni correction for synovial #uids, and using nested 
ANOVA with post hoc t-test and Bonferroni correction for conditioned media. Di"erences 
between the various collagen coatings were determined by univariate analysis of vari-
ance with post hoc t-test with Bonferroni correction.

RESULTS

IL-6 in synovial !uid

The synovial #uid of donors with symptomatic cartilage lesions contained signi!cantly 
more IL-6 than that of healthy donors (261 ± 385 pg/mL versus 64 ± 120 pg/mL, p=0.001), 
and was slightly lower but not signi!cantly di"erent from OA patients (396 ± 508 pg/mL; 
Figure 1). IL-6 levels in the !ve patients with symptomatic focal cartilage defects and 
associated or previous ACL injury and/or partial meniscectomy were not signi!cantly 
di"erent from the group as a whole (154 ± 70 pg/mL, p=0.6). 
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Figure 1. Increased concentration of IL-6 in the synovial "uid of patients with cartilage damage. 
Concentration of IL-6 in the synovial #uid of healthy (H), symptomatic cartilage defect (CD) and osteoar-
thritic (OA) donors. Note the logarithmic scale of the Y-axis; a = p <0.001, b = p = 0.001. 
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IL6 production in cell culture

In regeneration cultures, chondrocytes of the various origins produced IL-6 reaching 
concentrations that were at least tenfold higher than the concentrations present in the 
synovial #uid of the corresponding donor category (Figure 2). OA chondrocytes (9368 
± 3284 pg/mL) produced signi!cantly more IL-6 than both healthy (2814 ± 995 pg/mL) 
and defect chondrocytes (3246 ± 2089 pg/mL, p<0.001). There was no signi!cant di"er-
ence in IL-6 production between healthy and defect chondrocytes.

To verify whether IL-6 production during regeneration was induced by the !brillar 
type II collagen used for coating the !lters in this model, we measured IL-6 production 
of regenerating chondrocytes on !lters coated with various collagens. There was no 
di"erence in IL-6 production between type I and II collagen-coated !lters and also not 
between native or denatured collagen-coated !lters (Table 1). GAG and DNA content 
were also similar between the various coatings. 
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Figure 2. Cartilage regeneration culture: IL-6 production. Passage 2 expanded chondrocytes from 
healthy (H), defect (CD) and osteoarthritic (OA) cartilage were seeded at high density on type II collagen-
coated !lters and cultured during 28 days. Concentrations of IL-6 in conditioned media of chondrocytes 
during regeneration on day 7 is shown; a = p<0.001.

Table 1. E!ect of collagen coating on IL-6 and cartilage matrix production

Col I Col II Col ID Col IID P-value

IL-6 (pg/ml) 4,294 ± 2,152 4,604 ± 1,661 4,268 ± 1,446 5,463 ± 1,991 0.543

GAG (0g) 80 ± 24 85 ± 30 77 ± 25 85 ± 34 0.361

GAG release (0g/ml) 408 ± 29 410 ± 35 400 ± 38 498 ± 157 0.412

DNA (0g) 10 ± 1 9 ± 1 10 ± 2 10 ± 1 0.818

No signi!cant di"erences were observed between type I collagen (Col I), type II collagen (Col II), denatured 
type I collagen (Col ID) and denatured type II collagen (Col IID) coating on IL-6 production at day 7, GAG 
content after 28 days of culture, cumulative GAG release during 28 days of culture and DNA content after 
28 days of culture. Results are displayed as mean ± SD. 
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Regeneration culture

To evaluate whether the high levels of IL-6 produced by the chondrocytes during regen-
eration play a direct role in cartilage regeneration, IL-6 was inhibited using an activity-
inhibiting antibody during regeneration of P2-expanded defect- and OA chondrocytes. 
As no di"erence was found in IL-6 production between healthy and defect chondro-
cytes, only defect and osteoarthritic chondrocytes were studied. No e"ects were found 
on cartilage matrix production, although an increase in DNA content was found in OA 
chondrocytes (p=0.009, Figure 3). Veri!cation of these results using non-expanded 
osteoarthritic chondrocytes similarly showed no e"ect on cartilage matrix production 
and also the e"ect on DNA was no longer found (data not shown). Antagonism of the 
IL-6 receptor with tocilizumab in osteoarthritic chondrocytes failed to in#uence GAG 
and DNA content (data not shown). 

Figure 3. Cartilage regeneration after inhibition of endogenously produced IL-6. Cartilage regen-
eration cultures of three defect (CD) and three osteoarthritic (OA) donors with blockage of endogenous 
IL-6 with an activity-inhibiting antibody. (A-C) GAG content, GAG release and DNA content after 28 days 
of culture in IL-6 blocked samples depicted as percent of control samples (mean ± SD); a = p=0.009. (D) 
Safranin-O staining of representative CD and OA chondrocyte donors regenerating either without (control; 
IgG isotype) or with inhibition (anti-IL-6) of endogenous IL-6. Scale bars indicate 50 0m.
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In healthy and defect chondrocytes endogenous IL-6 production was much lower 
than in OA chondrocytes. We therefore hypothesized that these cells could be more re-
sponsive to stimulation with exogenous IL-6 than OA chondrocytes. To examine whether 
exogenously added IL-6 could a"ect regeneration, 10 ng/mL rhIL-6 with 25 ng/mL rhIL-
6R$ was added during regeneration culture of healthy and OA chondrocytes. In healthy 
chondrocytes, exogenous rhIL-6 increased GAG production in the neocartilage and a 
higher GAG/DNA ratio was found (p=0.002; Figures 4A and 4D). In OA chondrocytes, IL-6 
decreased GAG release (p<0.001; Figure 4B) without a"ecting !nal GAG content in the 
neocartilage. DNA content was not modi!ed by the addition of IL-6 (Figure 4C). 

Osteoarthritic explant culture

To study the e"ect of high levels of IL-6 present in the synovial #uid on resident cartilage 
in the knee, we performed OA cartilage explant studies in the presence of OA synovial 

Figure 4. Cartilage regeneration with addition of IL-6. Cartilage regeneration cultures of three healthy 
(H) and three osteoarthritic (OA) donors with addition of rhIL-6 (10 ng/mL) and rhIL-6R$ (25 ng/mL). (A-C) 
GAG content, GAG release and DNA content of IL-6 supplemented samples depicted as percentage of con-
trol samples (mean ± SD); a = p=0.009, b = p<0.001. (D) Safranin-O staining of neocartilage generated by 
chondrocytes from healthy and osteoarthritic donors without or with addition of rhIL-6. Scale bars indicate 
50 0m.
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#uid in which IL-6 was inhibited. Ideally we would have also liked to perform these experi-
ments using synovial #uid and cartilage explants from patients with chondral defects, 
but due to the very limited amount of material that can be obtained from these patients 
this was not feasible. In the absence of synovial #uid, inhibition of IL-6 did not alter the 
GAG and DNA content of the cartilage explants, nor was GAG release a"ected (data 

not shown). However, when IL-6 was inhibited in the presence of synovial #uid a trend 
towards a decreased GAG content of the explants was observed (p=0.06; Figure 5A). In 
the absence of IL-6 inhibitors, the addition of synovial #uid increased the DNA content of 
explants (54.0 ± 28.0 0g/g cartilage versus 33.6 ± 20.9 0g/gr cartilage, p=0.002), and this 
e"ect was abolished by blocking IL-6 (42 ± 20 versus 54 ± 28 0g/g cartilage). GAG release 
was neither a"ected by the addition of synovial #uid nor by inhibition of IL-6 (Figure 5C). 

Exogenous IL-6 in combination with soluble IL-6 receptor in the absence of synovial 
#uid did not alter the GAG (Figure 5B) or DNA content of the explants and also did not 
modulate GAG release (Figure 5D). 
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Figure 5. OA cartilage explant culture with inhibition of synovial "uid IL-6 or addition of exogenous 
IL-6. (A,C) GAG content and GAG release in OA cartilage explants from three donors cultured either in 
medium only, medium supplemented with 25% OA synovial #uid (SF) or medium with 25% OA synovial 
#uid in which IL-6 is blocked with an activity-inhibiting antibody (mean ± SD in mg/g); p=0.06. (B,D) GAG 
content and GAG release in OA cartilage explants from eight donors cultured in the presence or absence of 
rhIL-6 (50 ng/mL) with rhIL-6R$ (200 ng/mL).
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DISCUSSION

In this study we show increased IL-6 levels in the synovial #uid of patients with symp-
tomatic cartilage defects compared to normal subjects. The IL-6 levels in patients 
with symptomatic cartilage defects were comparable to levels in patients with OA. 
Furthermore, we demonstrated for the !rst time that chondrocytes, especially OA 
chondrocytes, produce high concentrations of IL-6 during regeneration. Inhibition of 
this endogenously produced IL-6 did not a"ect cartilage matrix turnover, but addition 
of extra IL-6 increased the GAG content of neocartilage formed by healthy chondrocytes 
and decreased GAG release by osteoarthritic chondrocytes in an in vitro regeneration 
model. Furthermore, inhibition of IL-6 present in the synovial #uid showed a trend 
towards decreased matrix production in OA explants. Collectively, these results point 
towards an anabolic role of IL-6 in cartilage repair, albeit with limited e"ects.

In#ammatory mediators secreted by synovium and present in the synovial #uid have 
been demonstrated to a"ect cartilage regeneration in vitro34, 62, 81, 82, 280. Therefore, it is 
essential to characterize the mediators present in the synovial #uid of symptomatic car-
tilage defects and osteoarthritic joints and to determine their role in cartilage metabo-
lism, in order to verify whether the outcomes of cartilage repair procedures such as ACI 
could potentially be enhanced by modulating the intra-articular environment. Levels 
of IL-6 comparable to those reported here were previously shown in the synovial #uid 
from healthy66 and OA66, 253, 281 joints, however, only limited data were available on IL-6 
levels in joints with symptomatic focal cartilage defects. These are typically the joints 
that will be treated to stimulate regeneration of cartilage with techniques such as ACI, 
and therefore of particular importance for regenerative medicine strategies. Only one 
study has reported on the levels of IL-6 in cartilage lesions of variable depth, but did not 
specify whether the damage was focal or whether more generalized OA-like cartilage 
degeneration was present in the knee281, which is an important selection criterion for 
the indication of ACI. However, IL-6 levels seemed to correlate with the grade of cartilage 
damage as the synovial #uid concentration of IL-6 increased with lesion severity. In our 
study, only symptomatic focal grade III and IV cartilage lesions in otherwise healthy 
knees were included. This is more clinically relevant for cartilage regeneration, although 
no distinction was made between grade III and grade IV defects. 

Most likely, IL-6 present in the synovial #uid originates from the cells in the synovial 
membrane256. In addition, adipose tissue, including that of the fat pad in the knee, is 
an important source of in#ammatory mediators, including IL-6282, 283, at least partly 
explaining the association of OA with obesity. Although we did not collect information 
regarding the BMI of the donors, it is possible that the OA donors were more obese, 
which could account at least partly for the higher levels of IL-6 found in OA synovial 
#uid. Furthermore chondrocytes can produce IL-6, although chondrocytes embedded 
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in their original matrix produce very little IL-662. However, during regeneration, chondro-
cytes produced high levels of IL-6, which, if they were then implanted intra-articularly, 
in theory, could cause high local concentrations and a"ect cartilage regeneration. The 
production of IL-6 was not a result of the type II collagen used in this model, as !lters 
coated with type I collagen, which is not capable of inducing IL-6266, resulted in the 
same IL-6 production. Possibly IL-6 production was induced by the TGF-' included in 
the current in vitro regeneration model, as was reported previously263. However, those 
data were obtained using non-expanded chondrocytes in short term, rather than during 
regeneration culture. In addition, the di"erences in IL-6 production between various cell 
types cannot be explained by the addition of TGF-', as this was the same for all cell 
types.

Little is known on the role of IL-6 during regeneration, but inhibition of IL-6 did not 
in#uence GAG or DNA content of the newly formed cartilage. Possibly the e"ect of IL-6 
inhibition on cartilage formation was partly masked by the regenerative e"ect of TGF-'. 
However, addition of IL-6 did decrease GAG release by OA chondrocytes. In addition, in 
explant culture, no TGF-' was present and no clear e"ect was found here.

The results found here are partly in contrast to the previously described reduction 
of cartilage matrix gene expression and inhibition of proteoglycan synthesis270-272, 284. Al-
though the latter two e"ects of IL-6 can be seen as inhibitory, inhibition of synthesis can 
still be accompanied by a lack of net change in proteoglycan content if its deposition is 
increased. Indeed we observed less GAG release into the medium without a"ecting !nal 
GAG content upon addition of IL-6 to OA chondrocytes, suggesting that although total 
synthesis is reduced, !nal regeneration is the same. Unfortunately this aspect of carti-
lage regeneration is usually not addressed. Other di"erences between the current and 
previous studies evaluating the e"ect of IL-6 on chondrocyte metabolism may be based 
on the cells used, which were mainly bovine, porcine or rabbit chondrocytes. When 
human OA chondrocytes were used, actually no e"ect of IL-6 was seen on aggrecan 
production276. In the current study, addition of IL-6 to healthy chondrocytes, which pro-
duce much less IL-6, resulted in increased GAGs being deposited into the newly formed 
matrix. This is in line with previous studies using healthy human chondrocytes, revealing 
anabolic mechanisms upon addition of IL-6 such as up-regulation of TIMP-1 and bone 
morphogenetic protein-7 (BMP-7)269, 285. Furthermore, in osteoarthritic explant culture, 
a trend towards decreased matrix production upon inhibition of IL-6 was observed. 
Exogenous IL-6 in combination with soluble IL-6 receptor in the absence of synovial #uid 
did not alter cartilage turnover, suggesting that IL-6 in the synovial #uid exerts its e"ects 
via interaction with other factors. The limited availability of synovial #uid restricted its 
presence in culture to 25% and therefore higher percentages may have yielded more 
pronounced e"ects. The limited e"ect of IL-6 inhibition on cartilage matrix turnover 
is unlikely to be due to a lack of inhibitory activity of the antibody, as this and other 
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similar antibodies have demonstrated e"ectiveness in inhibiting IL-6 bioactivity in other 
models, including models with chondrocytes as target cells272, 286. Di"usion limitations 
in the cartilage explants may have prevented complete penetration of the antibodies 
to inhibit locally produced IL-6, thus still allowing for paracrine signaling. However, this 
is probably limited as chondrocytes in their native extracellular matrix hardly produce 
IL-662. Penetration of tocilizumab, required for the inhibition of IL-6 signaling, into the 
newly formed cartilage during regeneration may have been suboptimal, allowing IL-6 
signaling through the membrane-bound IL-6 receptor. This could explain the lack of 
e"ect that tocilizumab had during osteoarthritic chondrocyte regeneration.

The role of IL-6 in cartilage metabolism has been the subject of much debate. IL-6 
is often described as a modulatory factor, because it can induce both anabolic and 
catabolic mechanisms. Recently, IL-6 injection into the knee joint of mice was described 
to cause cartilage destruction, but in that study, like in many others, supra physiological 
concentrations of IL-6 were used275. Concentrations of IL-6 similar to those found in the 
synovial #uid usually do not have e"ects on the expression of cartilage matrix proteins 
in cartilage276-278. To our knowledge, this is the !rst study to demonstrate an e"ect of 
physiological concentrations of IL-6 on cartilage matrix production during regeneration, 
albeit modestly. IL-6 is known to be induced by various catabolic stimuli present in OA 
such as IL-1'264, prostaglandin E2 (PGE2)265, increased shear stress287 and extracellular 
matrix components such as hyaluronan fragments288 and matrillin-3266. IL-6 in turn, is 
capable of inducing factors such as metalloproteinases (MMPs)289, TGF'290, vascular 
endothelial growth factor (VEGF)291, and many others which are important for tissue re-
modeling. In bone IL-6 also induces remodeling through increased osteoclastogenesis292, 
which is thought to be important in the observed inhibition of radiographic disease 
progression in RA patients treated with tocilizumab250, 293. IL-6 has also been shown to 
have anabolic e"ects on cartilage, both indirectly through the up-regulation of factors 
such as TIMP-1285, BMP-7269 and TGF'290, as well as directly through the up-regulation of 
cartilage matrix proteins269. In another study, injection of IL6 into the joint cavity of mice 
stimulated proteoglycan synthesis in cartilage294, while IL-6 knockout mice showed more 
extensive naturally occurring cartilage loss274 and reduced proteoglycan synthesis274, 

295. The current study indicates that IL-6 has a mainly anabolic role in in vitro cartilage 
regeneration, although the e"ects are not strong, with increased GAG production in 
healthy chondrocytes and decreased GAG release in OA chondrocytes. Possibly the IL-6 
in the synovial #uid of patients with symptomatic cartilage defects is induced in the 
course of regeneration and plays a role in tissue regeneration after cartilage damage. 

Although cartilage pathology seemed to clearly a"ect IL-6 production and at least 
part of the response to interference with this factor, several other donor-related factors 
may have additionally in#uenced the results. To start with, there is the typical age di"er-
ence found between OA donors (average 70 years296) and patients with cartilage defects, 
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which usually present around 30 years of age93. However, IL-6 levels were not found to 
correlate with age297. The use of post-mortem collection of healthy synovial #uid and 
cells as opposed to the intra-operative collection of OA and cartilage defect synovial 
#uid and cells is less likely to have a"ected the results. Previous work from our group 
showed that there was no di"erence in viability between freshly isolated chondrocytes 
from healthy (post-mortem obtained) and grade III cartilage defect tissue138 which is in 
line with the observation that viability and cartilage matrix content is very much unal-
tered within the !rst 24 hours175, 298, 299. Synovial #uid is contained in a relatively isolated 
compartment300, 301 and when kept at 4 °C, levels of IL-6 have been shown to be stable for 
more than six hours302. 

CONCLUSIONS

This study indicates that the level of IL-6 is increased in joints with symptomatic cartilage 
defects or OA compared to healthy joints. Moreover, the elevated levels of IL-6 appear 
to promote anabolic metabolism of the resident chondrocytes, and seems bene!cial for 
formation of neocartilage during in vitro regeneration. Further research is necessary to 
evaluate whether targeting multiple cytokines or pathways, including IL-6, may be an 
e"ective means to improve cartilage matrix production during ACI or microfracturing in 
symptomatic cartilage defects or OA. 
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ABSTRACT

Aims

This study aims to elucidate whether suppression of in#ammation by COX-2 a"ects 
cartilage repair and regeneration using di"erent culture models. 

Methods

The productions of various in#ammatory mediators, including prostaglandin E2, were 
determined by (multiplex) ELISA. Glycosaminoglycan production and release were 
determined in a model of osteoarthritic cartilage explants and a co-culture model of 
osteoarthritic cartilage explants with synovium and a tissue regeneration culture by 
isolated chondrocytes. 

Results

Celecoxib decreased the production of multiple in#ammatory factors, such as IL-6, 
oncostatin M, IL-1 and prostaglandin E2 by osteoarthritic joint tissues. However, it did 
not a"ect glycosaminoglycan turnover. In#ammation during chondrocyte regeneration 
culture was largely COX-2 independent. 

Conclusions

We found no indications for an e"ect of celecoxib on cartilage repair, despite an e"ect 
on several in#ammatory factors in addition to prostaglandin E2. Inhibition of in#amma-
tion in osteoarthritis may not be required for tissue repair, although still useful for pain 
reduction. 
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INTRODUCTION

Osteoarthritis (OA) is a chronic joint disorder characterized by joint pain and disabilities. 
Key features of OA are degeneration of the cartilage, changes of the bone and synovial 
in#ammation303. In#ammation is assumed to play a crucial role in osteoarthritic cartilage 
degeneration by the induction of various extracellular matrix degrading enzymes and 
inhibition of matrix protein production. Celecoxib, a speci!c cyclooxygenase (COX)-2 in-
hibitor, is commonly used in the treatment of pain in OA and has fewer gastro-intestinal 
side e"ects than the commonly used non-steroidal anti-in#ammatory drugs (NSAIDS)304. 
COX-2 expression can be induced by several cytokines in in#ammatory conditions 
such as (rheumatoid) arthritis or acute tissue damage305, 306. In turn COX-2 inhibition 
was postulated to positively a"ect tissue integrity through inhibition of in#ammation, 
thereby reducing ensuing breakdown of tissue and repressive e"ects on repair and 
regeneration307-310. Inhibition of in#ammation by COX-inhibitors has been suggested to 
be mediated through both COX-dependent and independent pathways311. 

Nonetheless, the described e"ects of celecoxib on cartilage regeneration and repair 
are con#icting312. Recent studies in COX-2 knockout mice show no protective e"ect on 
cartilage degeneration in a surgically induced model of OA313. Furthermore, chondro-
genesis studied in di"erent chondrogenic models did not show an e"ect of celecoxib 
on proteoglycan synthesis314 or collagen type II production315. However, positive e"ects 
of celecoxib include inhibition of chondrocyte hypertrophic di"erentiation315 and 
chondroprotection in OA in an in vivo/ex vivo study with human patients309. In addition, 
celecoxib decreased cartilage degeneration in an OA cartilage explant model307, 308. 
However, all of these studies measured short-term e"ects, not the result of longer-term 
exposure on !nal tissue integrity, which may explain the con#icting data found. In ad-
dition, despite the role of COX-2 in in#ammation and its postulated e"ect on cartilage 
matrix breakdown, until now little attention has been paid to the e"ect of celecoxib 
on the production of in#ammatory mediators314 and to what extent this is related to 
changes in cartilage metabolism.

In the current study we investigated the e"ect of celecoxib on the production of 
in#ammatory factors and on cartilage repair and regeneration using a range of in vitro 
models with osteoarthritic cartilage and synovial tissue and human chondrocytes, focus-
sing on long-term e"ects and measuring glycosaminoglycans (GAGs) as chondrogenic 
readout. 
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MATERIALS AND METHODS

Collection of cartilage and synovial tissue 

Healthy cartilage (macroscopically intact cartilage, from a knee without signs of cartilage 
degeneraton or synovial in#ammation) was collected from post-mortem donors and 
osteoarthritic cartilage and synovial tissue was collected from end-stage OA patients 
undergoing total knee arthroplasty. Cartilage explants were harvested from the femoral 
condyles, cut into square pieces of approximately one by one mm and the wet weight 
was determined (mean 12 +/- 5 mg). Synovial tissue was cut into small pieces and wet 
weight was determined (mean 21 +/- 9 mg). From each donor, six cartilage explants 
and one synovial tissue explant were !xed immediately in 10% bu"ered formalin for 
(immuno)histological evaluation and six cartilage explants were stored at -20 C for bio-
chemical analysis at t=0. The rest of the cartilage and synovial tissue explants were used 
for culturing. This study does not meet the de!nition of human subjects’ research or 
require informed consent, as anonymous use of redundant tissue for research purposes 
is part of the standard treatment agreement with patients in our university hospital. The 
material was used according to the national guidelines ‘code of conduct for the proper 
secondary use of human tissue’140, 316 and approved by the institutional review board 
(protocol number 01/163).

Culture model with osteoarthritic cartilage 

Osteoarthritic cartilage explants were cultured in the presence or absence of celecoxib 
(Biovision) dissolved in DMSO. Celecoxib was added at di"erent concentrations (0.1 M, 
1.0 M and 10 M) with as control condition 0.1% DMSO. Explants were cultured in a 
total of 1 ml of culture medium. Culture medium (DMEM, 2% Human Serum Albumin, 
1% penicillin/streptomycin, 1% ITS-X, 0.4 mM ascorbic acid) was renewed three times a 
week and stored at -80 C for further analysis. After 21 days of culture the explants were 
stored at -20 C for biochemical analysis. In total 6 di"erent OA cartilage donors were 
used for the cultures (4 explants per condition).

Co-culture model with osteoarthritic cartilage and synovial tissue

A co-culture of cartilage and synovial tissue was used to study the e"ect of celecoxib in a 
particularly in#ammatory osteoarthritic environment, as previous described62. In short, 
osteoarthritic cartilage explants were co-cultured with osteoarthritic synovial tissue in 
the presence or absence of celecoxib. Just as in the cartilage explants alone, a total of 1 
ml of culture medium was used and a dose response was performed (0.1 M, 1.0 M and 
10 M). Total culture period was 21 days and medium was renewed three times a week 
and stored at -80 C for further analysis. In total 6 OA cartilage donors with 4 cartilage/
synovium explants per condition were used for the cultures.
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Tissue regeneration culture by isolated chondrocytes

For the regeneration culture both healthy and osteoarthritic articular cartilage was cut 
and digested in collagenase 0.15% (w/v) (Worthington, Lakewood, USA) in Dulbecco’s 
Modi!ed Eagle Medium (DMEM) overnight at 37 C.  Subsequently, the chondrocytes 
were seeded in a monolayer at a cell density of 5000 cells/cm2 and cultured in expansion 
medium containing DMEM, 10% Fetal Bovine Serum (FBS), 1% penicillin/streptomycin 
(100 U/100 0g/ml) and 10 ng/ml basic !broblast growth factor (bFGF; R&D Systems, Min-
neapolis, USA). Chondrocytes were cultured until passage 2 and then used in a cartilage 
regeneration model as described previously82, 232. In short, 720.000 cells were seeded at 
high density on collagen type II (chicken sternal cartilage, #C9301, Sigma-Aldrich, St 
louis, MO, USA) coated Millicell !lters (Millipore Co., Bedford, MA, USA) and cultured in 
redi"erentiation medium containing DMEM, 2% Human Serum Albumin, 1% penicillin/
streptomycin, 1% ITS-X (Gibco; #51500, Bleiswijk, The Netherlands), 0.4 mM ascorbic acid 
and 5 ng/ml TGF- 2 (R&D Systems, Minneapolis, USA). The constructs were cultured in 
a total of 1 ml of culture medium and in the presence or absence of 1.0 M celecoxib 
(Biovision, Milpitas CA, USA) dissolved in DMSO (!nal concentration of DMSO for all 
cultures was 0.1%). Control conditions included the same concentration of DMSO as 
the celecoxib cultures. The cultures were incubated at 37 C in 5% CO2. Culture medium 
was renewed three times a week for total culture period of 28 days. Conditioned culture 
medium was stored in -80 C for further analysis. In total 6 OA and 6 healthy chondrocyte 
donors with 5 constructs per condition were used for the cultures.

(Immuno)histochemistry 

For (immuno)histochemistry, fresh cartilage and synovial tissue explants and !lters after 
28 days were !xed overnight in 10% bu"ered formalin, embedded in para(n and cut 
into 5 µm sections. To show the cartilage degeneration in cartilage explants and neo-
cartilage formation in the !lters, a safranin-O/fast-green staining was used317. For COX-2 
immunolocalization, the sections were blocked in 0.3% H2O2 in methanol for 20 minutes. 
For antigen retrieval, sections were boiled in citrate bu"er (0.01 M; pH 6.0) for 10 minutes 
and placed in TBS-BSA for 60 minutes, after which the sections were incubated with 
mouse COX-2 antibody (Cayman chemical; CX229; 1:200; Michigan, USA318) overnight. 
The samples were washed with TBS-BSA and incubated with biotinylated goat anti-
mouse IgG (Dako, Denmark, 1:200 in TBS-BSA) for 1 hour. Samples were washed and 
incubated with Streptavidin (Dako, 1:500 in TBS-BSA) for also 1 hour. Finally, samples 
were developed with DAB or Powervision (Leica Microsystems, Wetzlar, Germany). As an 
isotype-speci!c negative control mouse IgG1 (Dako, 1:200 in TBS-BSA) was used in the 
same concentration as the COX-2 antibody.  
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COX-2 activity

To determine COX-2 activity in tissue and cell-conditioned medium, a prostaglandin E2 
(PGE2) ELISA was performed (KGE004B, R&D; Minneapolis, USA) according to the manu-
facturer’s protocol. COX-2 activity was expressed as PGE2 concentration in pg/ml. 

Multiplex ELISA 

The presence of interleukin (IL)-1 , IL-1 , IL-4, IL-6, IL-8, IL-10, IL-13, oncostatin M (OSM), 
monocyte chemotactic protein (MCP)-1, adiponectin, leptin and neurotrophic growth 
factor (NGF) in conditioned medium was determined using multiplex ELISA as described 
previously141, 142. Validation of the Multiplex ELISA was previously done by de Jager et al., 
showing excellent sensitivity and speci!city142. The samples were measured and ana-
lyzed using the Bio-Plex suspension system (Bio-Rad laboratories). The concentration of 
all measured mediators in the conditioned medium was calculated using the standard 
curves and are expressed as pg/ml. Only the conditioned media of day 7 and day 28 
were measured.

Figure 1. E!ect of celecoxib on OA cartilage explants. The safranin-O staining showed osteoarthritic 
cartilage changes (A). The presence of COX-2 in OA cartilage explants is visible with IHC (A; pink staining, 
positive cell indicated by the arrow in magni!cation). Celecoxib in a concentration of 10 µM decreases 
PGE2 production by OA cartilage explants (B; day = 4; mean +/- SD of 3 donors, 4 explants per condition; 
*p<0.001). In cartilage explants cultured alone no e"ect of celecoxib was seen on GAG content (C) or total 
GAG release (D) during the entire culture (mean +/- SD of 6 donors, 4 explants per condition). 
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Glycosaminoglycan (GAG) content and GAG release

GAG release and total GAG content was quanti!ed using the dimethylmethylene blue 
(DMMB) spectrophotometric analysis described by Farndale et al319. Cartilage explants 
and !lters were digested in 400 l 2% papain (Sigma-Aldrich) in 50 mM phosphate buf-
fer, 2 mM N-acetylcysteine, and 2 mM Na2-EDTA (pH 6.5) at 60 C overnight. Two hundred 
microliter DMMB solution and 100 l of medium sample or papain digest were mixed 
and absorbance read at 540 nm and 595 nm using a spectrophotometer (Bio-Rad Labo-
ratories, Hercules CA, USA). As reference, chondroitin sulfate C (Sigma-Aldrich) was used. 
GAG release and GAG content for the explants are given in mg GAG/g cartilage and for 
the !lters in g GAG/ g DNA.

DNA assay

The DNA content per sample was determined from the papain digest using a Picogreen 
DNA assay (Invitrogen, Life Technologies, USA) in accordance with the manufacturer’s 
instructions

Figure 2. E!ect of celecoxib on OA cartilage explants co-cultured with OA synovial tissue. The H&E 
staining showed osteoarthritic synovial changes (A). IHC showed the presence of COX-2 in OA synovial 
tissue explants (red staining, indicated by arrow in magni!cation). Celecoxib decreases PGE2 production in 
a dose dependent manner (B; day = 4; mean +/- SD of 3 donors, 4 cartilage/synovium explants per condi-
tion; *p<0.001). In cartilage explants cultured with synovial tissue no e"ect of celecoxib was seen on GAG 
content (C) after 21 days of culture or total GAG release (D; mean +/- SD of 6 donors; 4 cartilage/synovium 
explants per condition). 
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Statistical analysis

Data are expressed as mean with standard deviation (SD). SPSS 16.0 software (SPSS Inc. 
Chicago, Illinois, USA) was used for the statistical analysis. Univariate analysis of variance 
(ANOVA), with a randomized block design and a post hoc Bonferroni was used to test 
for di"erences between di"erent conditions. Normal distribution of the residuals was 
veri!ed by Kolmogorov-Smirnov test and homogeneity of variances by Levene’s test. 
Di"erences with a p-value less than 0.05 were considered statistically signi!cant. No post 
hoc correction for multiple testing was determined in the multiplex ELISA data. 

RESULTS

Suppression of in!ammation in osteoarthritic explant model

To study if COX-2 inhibition could support the repair of an osteoarthritic cartilage 
matrix, OA cartilage explants were cultured in the presence of celecoxib. Immunohis-
tochemistry for COX-2 con!rmed the presence of the COX-2 enzyme in osteoarthritic 
cartilage (Figure 1A). Osteoarthritic cartilage explants produced low amounts of PGE2 
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Figure 3. Production of mediators in the co-culture model at day 7. Celecoxib at 10 µM decreases pro-
duction of IL-1 , IL-1 , IL-6, IL-10, OSM and NGF. No e"ect is seen on the production of leptin, adiponectin, 
IL-8 and MCP-1 (mean +/- SD of 3 donors, 4 cartilage/synovium explants per condition; *p=0.05; no post hoc 
correction for multiple testing).  
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and celecoxib decreased the production of PGE2 (p=0.01; Figure 1B). However, celecoxib 
had no e"ect on GAG content or GAG release (Figures 1C/D). 

Suppression of in!ammation in coculture model of osteoarthritic cartilage and 
synovial tissue

To better approach the heightened in#ammatory conditions in OA, cartilage explants 
were co-cultured with osteoarthritic synovial tissue. Immunohistochemistry for COX-2 
showed the presence of the COX-2 enzyme in both osteoarthritic cartilage and osteoar-
thritic synovial tissue (Figure 2A) and a clear production of PGE2 in the co-culture (Figure 
2B). In addition, IL-1 , IL-1 , NGF, IL-10, leptin, MCP, adiponectin, IL-8, OSM and IL-6 were 
produced (Figure 3). IL-1  and IL-1  were previously shown to be produced by cartilage 
explants, IL-8, IL-6 and OSM exclusively by synovial tissue and IL-10 by both cartilage 
and synovial tissue62. IL-4 and IL-13 were not detectable in medium conditioned by 
osteoarthritic cartilage and synovial tissue. Celecoxib dose-dependently decreased 
PGE2 production in co-culture (*p<0.001; Figure 2B). Addition of 10 µM of celecoxib 

Figure 4. E!ect of celecoxib on healthy chondrocytes. Cartilage formation after 28 days of culture is 
visible as safranin-O positive staining for both cultures with and without celecoxib (A). The presence of 
COX-2 in healthy chondrocytes is demonstrated with immunohistochemistry (B) (day = 28, brown staining; 
indicated by the arrow, bar represents 100 m). Celecoxib had no e"ect on total GAG content at day 28 (C) 
or release during the 28 days of culture (D; mean +/- SD of 6 donors, 5 constructs per condition). 
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also decreased the production of the in#ammatory cytokines IL-1 , IL-1 , IL-6 and OSM, 
but also of IL-10 and NGF (*p<0.05; Figure 3). No e"ect of celecoxib was seen on the 
production of leptin, adiponectin, IL-8 and MCP-1. At day 28 the same mediators were 
produced, albeit at lower levels than at day 7, with the same e"ects of celecoxib (data 
not shown). However, celecoxib, irrespective of the concentration used, did not have 
an e"ect on GAG content or release in cartilage explants cultured with synovial tissue 
(Figures 2C/D).

Figure 5. E!ect of celecoxib on OA chondrocytes. Neo-cartilage formation after 28 days of culture is 
visible as safranin-O positive staining (A). The presence of COX-2 in OA chondrocytes is demonstrated with 
immunohistochemistry for COX-2 (B; brown staining; indicated by the arrow, scalebar represents 100 m). 
Celecoxib decreased PGE2 production by chondrocytes (day =10), however, still some PGE2 production was 
present (*p=0.03; mean +/- SD, average of 3 donors 4 constructs per condition). Celecoxib had no e"ect 
on total GAG content at day 28 (C) or release during the 28 days of culture (D; mean +/- SD of 6 donors, 5 
constructs per condition).
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COX-2 independent in!ammation during tissue regeneration culture by isolated 
chondrocytes

We then used isolated healthy and osteoarthritic chondrocytes in a cartilage regenera-
tion model to investigate the e"ect of celecoxib on cartilage repair since this might be a 
more sensitive model to study tissue generation. Safranin-O staining showed the forma-
tion of neocartilage by the chondrocytes after 28 days of culture (Figures 4A and 5A). 
Immunohistochemistry for COX-2 con!rmed the presence of COX-2 enzyme in healthy 
and osteoarthritic chondrocytes (Figures 4B and 5A). PGE2 release by osteoarthritic 
chondrocytes was higher than by healthy chondrocytes (below detection limit, data 
not shown), indicating increased in#ammatory reactions (Figure 5B). PGE2 production 
could be inhibited by celecoxib, albeit not completely (Figure 5B; p=0.03). In addition, 
celecoxib was unable to decrease the high amounts of IL-6, IL-8, MCP-1 and NGF at day 
7 of high-density culture (Figure 6). At day 28 the same mediators were produced, albeit 
lower than at day 7, with a similar lack of e"ect of celecoxib, (data not shown). Addition 
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Figure 6. Production of mediators by OA chondrocytes. OA chondrocytes produced IL-6, IL-8, IL-10, 
MCP-1, NGF and leptin at day 7 of regeneration culture. There was no production of IL-1 , IL-1 , IL-4, IL-13, 
OSM and adiponectin by the OA chondrocytes (not shown). Celecoxib had no e"ect on the production of 
the produced mediators (mean +/- SD of 3 donors, 4 constructs per condition; no post hoc correction for 
multiple testing). 
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of celecoxib failed to a"ect GAG content (Figures 4C and 5C), GAG release (Figures 4D 
and 5D) or DNA (data not shown) of chondrocytes in regeneration culture. 

Summarizing, celecoxib had no e"ect on cartilage matrix turnover in osteoarthritic 
cartilage explants nor in isolated chondrocytes, although in isolated chondrocytes PGE2 
production was only partially inhibited and other in#ammatory mediators were unaf-
fected. 

DISCUSSION

In the current study, celecoxib was found not to a"ect cartilage repair in osteoarthritic 
explants or a co-culture of osteoarthritic synovial tissue with osteoarthritic cartilage, 
despite the clearly decreased secretion of many in#ammatory mediators including PGE2. 
In#ammation during tissue regeneration culture by chondrocytes was mostly COX-2 
independent and celecoxib did not a"ect cartilage regeneration. 

In previous studies where cartilage explants were cultured in the presence of a pro-
in#ammatory stimulus, e.g. IL-1 or tumor necrosis factor (TNF), celecoxib did inhibit the 
induced degeneration320. Recently, we showed that factors produced by OA synovial tis-
sue can decrease cartilage matrix content. However, this e"ect consisted of a decrease in 
matrix production rather than an increase of degradation62, in apparent contrast to the 
abovementioned cytokine-induced degeneration models. The lack of e"ect on cartilage 
metabolism could be related to the type of OA tissues studied. In this study, cartilage and 
synovial tissue were obtained from patients with end-stage OA undergoing total knee 
replacement. This ‘late’ OA tissue may have a less ‘in#ammatory’ character than early OA 
tissue60, 321. COX-2 expression was found to be signi!cantly lower in synovial tissue ob-
tained from joints with greater OA severity than with lower OA severity322. Furthermore, 
levels of in#ammatory mediators secreted by the synovium in end-stage osteoarthritis 
were not di"erent to those from healthy synovium and less responsive to stimulation 
with IL-1$, indicating that in end-stage OA in#ammation may play a subordinate role323. 
Another explanation for the lack of e"ect of COX-2 inhibition on cartilage repair may 
be a concomitant decrease in anti-in#ammatory factors, such as IL-10, which may have 
counteracted the e"ects of inhibiting in#ammatory mediator production. Moreover, 
inhibition of the COX-2 enzyme will not only inhibit the production of PGE2, but also of 
other prostaglandin mediators, e.g. PGF2$, PGD2 and thromboxane. Where PGE2 has been 
associated with cartilage destruction in a cartilage explant model324, other prostaglan-
dins have been associated with enhanced cartilage production. In particular PGD2 and 
PGF2$ have been shown to increase collagen type II synthesis and aggrecan synthesis325, 

326. 



127

Alternatively, the repressive e"ects of in#ammatory mediators on cartilage matrix 
production may be somewhat overestimated. We recently showed that IL-6, a classic 
in#ammatory cytokine, in fact modestly stimulated cartilage matrix production during 
tissue regeneration culture and its inhibition in OA synovial #uid cocultured with OA 
explants decreased GAG content143. In addition, despite the increase production of PGE2 

and other in#ammatory mediators, GAG production by osteoarthritic chondrocytes is in 
fact increased173. Recent evidence suggests in#ammation may, in addition to degenera-
tion, also have a role in regeneration327. Transient activation of NF-5B was shown to fa-
cilitate chondrogenesis through the induction of SOX983, 328, 329. Our data also supports a 
role of in#ammation on regeneration, as high concentrations of in#ammatory mediators 
were found to be released during tissue regeneration culture by isolated chondrocytes. 
However, contrary to the production of in#ammatory mediators by osteoarthritic carti-
lage explants, production by chondrocytes during regeneration culture was not COX-2 
dependent. Various other mechanisms are involved in the production of in#ammatory 
cytokines, including NF5B activation and STATs pathway, which were not studied here330. 

Also PGE2 production in regeneration culture was only partially decreased by COX-2 
inhibition, possible indicating involvement of COX-1. This may implicate that strategies 
to improve cartilage regeneration by cell-based procedures such as autologous chon-
drocyte implantation, may require a very di"erent approach than strategies to develop 
disease-modifying treatments for OA. 

Celecoxib has been suggested to have both COX-dependent and independent 
potential as a disease-modifying drug311, 331, but we found no decrease in in#ammatory 
mediators and no e"ect on matrix production in the regeneration cultures. Although we 
found no e"ects of celecoxib on GAG content, we cannot exclude an e"ect on collagen 
synthesis. However, as this would be expected to lead to higher proteoglycan retention 
and hence content in the tissue332, this probably did not occur. Another possible e"ect 
on neocartilage tissue we did not study, is the inhibition of chondrocyte hypertrophy 
found previously315. However, these e"ects were noted in a di"erent in vitro model using 
prehypertrophic cells, whereas in the current regeneration model collagen X protein 
was shown previously to be undetectable236. 

Our study is the !rst to evaluate the e"ect of celecoxib on in#ammation measuring 
a broad panel of cytokines, chemokines and growth factors produced by osteoarthritic 
cartilage and synovial tissue. In previous studies only IL-6 and IL-8 production were 
evaluated314. Although addition of celecoxib resulted in a clear reduction of in#amma-
tory mediators, such as PGE2, IL-6, NGF and IL-1 in the co-culture model, it did not alter 
GAG production or GAG release. Synovial in#ammation and the produced in#amma-
tory mediators are associated with pain sensation in OA333, 334 and this could explain the 
pain reduction achieved by treatment with celecoxib335. When looking at all the donors 
separately for GAG metabolism, clear di"erences in the response to celecoxib between 
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individual donors could be observed. Although the number of donors used for the cur-
rent study is too low to draw any conclusion, we cannot exclude the possibility that 
patients may be divided in responder and non-responder categories. This could also 
explain why in multiple studies using OA cartilage and chondrocytes in in vitro models, 
di"erential e"ects on cartilage metabolism were seen. 

CONCLUSIONS AND FUTURE PERSPECTIVES

To study the e"ect of inhibition of in#ammation on cartilage, we have used a variety of 
di"erent long-term culture models with human tissues and cells in the presence of the 
COX-2 inhibitor celecoxib. So far no studies compared multiple culture models, focusing 
on cartilage repair in cartilage explants and regeneration in chondrocytes. We found 
indication that in#ammation is regulated di"erently in osteoarthritic tissues and cells. 
A true potential of celecoxib as a disease modifying osteoarthritic drug did not emerge 
from this study, although of course its application as pain treatment is still important.



 





Chapter 8

Summary and general discussion
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CASE FOLLOW%UP

Following surgical treatment of the cartilage defect of the medial femoral condyle by 
matrix-assisted autologous chondrocyte implantation, the patient, as described in the 
introduction at the beginning of this thesis, followed a stepwise, phased rehabilitation 
protocol, guided by a trained physical therapist. Individualized rehabilitation, with 
criteria-based rather than time-based progression to the next phase of rehabilitation, is 
very important for the success of cartilage repair surgery. In the !rst several weeks after 
surgery, no weight bearing is allowed in order to protect the implant with the cells. In this 
stage of rehabilitation, focus lies on regaining neuromuscular control of, in particular, 
the quadriceps function, isometric strength training and restoring full range of motion. 
In the weeks thereafter, weight bearing is gradually increased until full weight bearing 
is achieved at approximately week 6-12. After that, intensity and impact of the exercises 
are gradually increased and propriocepsis is improved. After about six to nine months, 
sport-speci!c and on-!eld training can commence. All this time, pain and joint e"usion 
are important parameters to monitor. Guided physical therapy is usually ceased after 
a year, but exercising the knee remains important as the repair tissue likely remodels 
during the subsequent years.

For an orthopedic surgeon treating patients with symptomatic cartilage defects, it is 
very important to prepare the patient for this extensive rehabilitation period, properly 
managing the patient’s expectations. Depending on the patient’s profession, working 
might not be possible for at least several months and retraining may be wise. Further-
more, return to sports takes about a year on average, and is in#uenced by factors such as 
age psychosocial factors and pre-injury activity level. Good teamwork with the physical 
therapist, to educate and encourage the patient, is vital to the success of cartilage repair 
procedures. 

One year after autologous chondrocyte implantation, the patient was almost com-
pletely pain free when performing normal activities of daily living and sports activities 
such as jogging. MRI showed good !lling of the defect.  However, he did not return to 
playing soccer out of fear of re-injury. 

Regeneration rather than repair of articular cartilage, is the holy grail in the treatment 
of focal cartilage defects because it has been suggested that treatment failures may 
be related to a more !bro-cartilaginous repair tissue110, 336, 337. Furthermore, timely and 
adequate treatment of focal cartilage defects may also prevent the progression to os-
teoarthritis, a disease that poses a particularly large socioeconomic burden to society338, 
and so far knows no disease-modifying treatment. 

ACI is the !rst cell-based treatment that holds the potential of truly regenerating 
rather than repairing the articular cartilage surface. Pioneer studies investigating the 
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nature of the repair tissue obtained with ACI, discovered that rather than producing 
a !brous-like scar tissue, a hyaline-like cartilage repair tissue is formed18, 339. This repair 
tissue was observed to be increasingly hyaline-like with increasing time after the initial 
surgery, indicating that the tissue continues to mature for at least several years after 
treatment337. Moreover, the repair tissue was shown to be subject to enzymatic activity 
and undergoing remodeling340. This has led to the hypothesis that joint homeostasis 
in#uences cartilage repair and that given the right circumstances, true regeneration 
of articular cartilage is an attainable goal. Anatomical and functional regeneration of 
cartilage, fully restoring form and function, will require an understanding of the com-
plexity of joint homeostasis and application of an integrative approach that addresses 
various factors in the knee joint environment, including the soluble mediators a"ecting 
chondrocytes.

The aim of this thesis is to improve the outcomes of cartilage regeneration, by iden-
tifying the best surgical treatment for a speci!c patient population, and by !nding and 
targeting those factors that are instrumental to cartilage regeneration, with a particular 
focus on soluble mediators. 

IDENTIFYING THE BEST SURGICAL TREATMENT

Several surgical techniques are available for the treatment of patients with symptom-
atic cartilage defects. Taking the population with symptomatic cartilage defects as a 
whole, the patient-reported outcome scores after ACI are good and there are no great 
statistical di"erences between the various cartilage repair techniques in randomized 
comparison13, 34, 35, 123, 341. However, speci!c patient populations may bene!t more from 
ACI than from microfracture, while osteochondral solutions may be preferable for oth-
ers. For example, characterized chondrocyte implantation (CCI) was signi!cantly better 
than microfracture in patients with defects that existed less than 3 years, but not in 
defects that existed for over 3 years34. Duration of symptoms was previously shown to 
also be a predictor of clinical outcome in patients treated with MACI342. We showed that 
also in larger defects (> 4 cm2) MACI leads to signi!cantly better clinical outcome than 
microfracture (Chapter 2). The reason for this has not been de!nitely established, but we 
speculate that the limited biomechanical challenge posed by the inferior repair tissue 
obtained with microfracture in a small area can be compensated by the healthy cartilage 
surrounding it, but this mechanism fails when the surface area is too large or is in a 
particularly demanding location such as the patellofemoral area343. 

Many other patient-related11, 344-347 and defect-related11, 113, 344, 345 predictors of out-
come after cartilage repair have been identi!ed, such as patient age, the etiology of the 
cartilage defect or the increased in#ammatory status in obesity. The increased presence 
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of in#ammatory mediators has been linked to the increased risk of complicated wound 
healing348 but may also negatively in#uence cell-based cartilage therapy. Although not 
compared to other cartilage repair procedures, clinical outcomes were severely com-
promised in obese patients two years after ACI346. Patient age and the etiology of the 
defect are also likely to give rise to biological changes in the joint and a di"erent pro!le 
of soluble mediators regulating tissue turnover. 

Unfortunately, very few of these predictors have been evaluated in relation to a 
speci!c cartilage repair procedure. This is because generally, studies were insu(ciently 
powered to allow subgroup analysis. Evidence-based, selective indication for cell-based 
therapy is important, because accurate prediction of clinical outcome after ACI on an 
individual level remains challenging. Furthermore, strict indications based on proven 
clinical merit for these types of expensive treatments are necessary to keep health care 
a"ordable and thereby accessible. To this end, randomized controlled clinical trials with 
su(cient numbers of patients to allow subgroup analyses are necessary. 

Additionally to patient-reported clinical outcomes, evaluation of the cartilage repair 
tissue by MRI and histology are important in the evaluation of cartilage repair proce-
dures. Interestingly, we observed no di"erences in MRI and/or histological outcomes 
of MACI versus microfracture at two years follow-up (Chapter 2). MRI and histological 
analysis may not have been sensitive enough to detect di"erences; additional biochemi-
cal evaluation of the repair tissue might be. Furthermore, two years follow-up may have 
been insu(cient as the failures with microfracture usually occur after two years110 and 
the remodeling of the repair tissue is notoriously slow349. Therefore, structural assess-
ment in combination with clinical outcomes will remain essential, also in the long-term 
evaluation of new autologous chondrocyte implantation products and procedures. 

The execution of well-designed, su(ciently powered randomized controlled clinical 
trials prior to widespread use in patients will result in high-quality evidence regarding 
the optimal surgical treatment of focal cartilage lesions in speci!c patient populations 
that is lacking to date. However, the technovolution87 of ACI in the past 20 years may be 
decelerated because the application for market registration is a costly and timely proce-
dure that is di(cult to realize without commercial funding. This would be unfortunate 
since the technique still has various limitations that could be improved, such as logistics, 
costs, and particularly the quality of the repair tissue.

IMPROVING THE CARTILAGE REPAIR TISSUE BY ADDRESSING CHONDROCYTE 
PHENOTYPE

To date, the repair tissue formed after ACI is reported to be hyaline or hyaline-like in 
variable percentages ranging from 27 to 73%18, 36, 337, 350-354. It must be noted that these 
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are very heterogeneous studies including various versions of ACI, di"erent histological 
scoring systems, biopsies at various lengths of follow-up and quite a few of these studies 
are biased by limited numbers of patients that were willing to undergo a second-look 
arthroscopy with biopsy. Nonetheless, two more recent studies evaluating repair tissue 
after MACI and CCI, both using the ICRS II scoring system, showed that the mean overall 
histology score was below 60 (out of 100) for both cell therapies14, 37. Even the more 
hyaline-like repair tissue is di"erent from native cartilage in several aspects: it lacks the 
layered structure, contains type I collagen normally absent, and the type II collagen !bers 
are organized randomly rather than in arches350, 355. The lack of collagen organization and 
lower GAG content are likely to contribute to the observed lower mechanical properties 
of the repair tissue350, 356, 357. Additionally to decreased amounts of GAGs, the types of 
GAGs present in the repair tissue were also altered. The amounts of chondroitin sulphate 
(CS) and keratan sulphate (KS) chains were shown to be reduced two-fold, while the 
amount of HA was markedly increased357. Repair tissue was also shown to contain much 
higher amounts of procollagen IIA354. Procollagen IIA is produced by chondroprogenitor 
cells and normally is not present in adult articular cartilage, but it is re-expressed in the 
middle layers of OA cartilage358. Both the production of procollagen IIA and aberrant 
GAGs, have been suggested to be caused by an altered chondrocyte phenotype354, 357, 

358. For example, monolayer expansion has been shown to reduce the production of KS 
chains by chondrocytes359.

Classical ACI is likely to be hampered in its ability to result in true regeneration of 
cartilage tissue because it is performed with culture-expanded and therefore dedif-
ferentiated39, 40 autologous chondrocytes. In addition, implanting cells with a high 
chondrogenic phenotype is essential because it has been shown to result in better 
clinical outcome14, 360, 361. Addressing chondrocyte phenotype will be particularly impor-
tant when considering alternative sources of chondrocytes for cell-based regenerative 
procedures. Alternative sources of chondrocytes, such as those obtained from the rims 
of the defect during the debridement as standard part of the procedure, will reduce the 
damage in#icted by ACI. However, before these cells can be used for ACI, more insight 
into their behavior in the sense of their secretory pro!le and regenerative potential in 
comparison to healthy chondrocytes is necessary. This may be a !rst step in also explor-
ing cell-based therapies for OA, which are considered unrealistic as of yet. 

Clinical results of ACI in osteoarthritic patients are inferior to those with focal le-
sions147. Although there are many aspects in which OA chondrocytes are di"erent from 
healthy chondrocytes, the osteoarthritic joint environment may negatively a"ect the 
!nal outcome to a greater extent than the actual regenerative capacity of OA chon-
drocytes. We showed that GAG production is in fact higher by OA chondrocytes and 
chondrocytes from cartilage debrided from defects than healthy chondrocytes (Chapter 
3). The reason for this phenomenon is not clear, but the observation is almost as old as 
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OA cartilage research173 itself and has recently received renewed attention362, 363. From a 
clinical point of view the possibility of using OA chondrocytes is attractive, as there are 
many more patients with OA than there are with focal defects, and so far no disease-
modifying treatments exist. Although speculative, this may be due to the removal of 
these cells from a hostile joint environment. 

SOLUBLE MEDIATORS IN THE JOINT ENVIRONMENT 

In addition to chondrocyte phenotype, the joint environment in which the cells are 
reimplanted is very important to the success of cartilage regeneration. In particular 
soluble mediators present in joint space are likely to have a profound e"ect on chon-
drogenesis and repair. These factors, derived from several joint tissues, are found in the 
synovial #uid of the patient with cartilage pathology, but can also be produced by the 
chondrocytes themselves in response to various stimuli. 

Synovial !uid mediators

Soluble factors produced by subchondral bone, (in#amed) synovial tissue, (damaged) 
menisci and ligaments and cartilage itself, are released into the synovial #uid, which is in 
direct contact with all of the knee structures. 

The composition of the synovial #uid greatly a"ects cartilage regeneration. Both 
osteoarthritic synovial #uid and synovial #uid of injured joints has been shown to inhibit 
cartilage regeneration in vitro81, 82. Also in vivo, synovial #uid levels of MMP-3 and IGF 
levels were still elevated compared to controls one year after ACI364, indicating ongoing 
remodeling and possibly explaining the observed insu(cient quality of repair tissue. It 
is therefore important to characterize the synovial #uid of patients with symptomatic 
cartilage defects and identify which factors negatively a"ect cartilage regeneration. 
Although several in#ammatory mediators have been identi!ed in the synovial #uid 
of patients with OA and joint trauma, it is not known whether these same mediators 
are also present in the synovial #uid of patients with symptomatic cartilage defects. 
Not all symptomatic cartilage defects may be caused by joint trauma, as only about 
half of all patients can relate the onset of their symptoms to previous knee trauma1, 2, 

88. Particularly in those patients, other soluble mediators may be present. Incidentally, 
the presence of a few factors in synovial #uid of patients undergoing cartilage repair 
procedures has been described365, 366, but direct comparisons to healthy and OA synovial 
#uid were lacking until now. We indeed con!rmed the existence of a distinct cytokine 
pro!le in patients with symptomatic cartilage defects characterized by elevated levels 
of several pro-in#ammatory and pro-repair cytokines (Chapter 3). 
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Cytokines and growth factors can bind to components of the extracellular matrix137, 

367, thereby creating local concentrations. A novel !nding of this thesis is that in fact 
concentrations of several in#ammatory cytokines are distinctly higher in cartilage tissue 
than in a similar volume synovial #uid, in particular in cartilage debrided from defects 
and OA cartilage. This may indicate that the role of speci!c cytokines may be greater 
than can be deduced from their presence in synovial #uid alone. 

Endogenous production of soluble mediators by chondrocytes

Soluble mediators such as cytokines and growth factors can also regulate the chondro-
cyte’s own behavior in an auto- and paracrine manner. Endogenous production of cyto-
kines can be induced by several stimuli. Chondrocytes reimplanted into a focal defect 
are particularly vulnerable to mechanical stresses as well as biochemical stimuli due to 
the lack of an extracellular matrix surrounding them. Chondrocytes possess membrane 
proteins such as integrins, G-proteins and strain sensitive ion channels, which translate 
mechanical forces into biological signals. Activation of these mechanoreceptors leads 
to intracellular signaling, resulting in activation of transcription factors and altered 
gene expression368. Subsequently, matrix synthesis can be increased369, but excessive 
mechanical loading can induce catabolic pathways and is thought to contribute to OA 
pathogenesis. Also the production of in#ammatory mediators, such as IL-6, CXCL8 (IL-8) 
and COX-2 is mechanosensitive287, 370, 371. Additionally, damage to the intact cartilage sur-
face was shown to cause release of mediators normally immobilized in the extracellular 
matrix367 and induce various in#ammatory pathways, including the mitogen activated 
protein kinases, Src kinases and NF-kB372.

Chondrocytes were also found to produce particularly high concentrations of soluble 
mediators by mere isolation and culture. Whether this is caused by a removal from their 
native matrix or is an arti!cial culture-induced e"ect that would disappear upon im-
plantation in vivo is unknown. In addition, in Chapter 4, we show that this production 
may be modulated by the biomaterial used as a carrier matrix for ACI. Biomaterials from 
natural polymers can bind to integrins and other speci!c cell receptors, thereby activat-
ing downstream signaling pathways and transcription factors and increasing cytokine 
release43, 183, 203. For example, collagen-based biomaterials may interact with DDR2 and 
activate various downstream pathways such as mitogen-activated protein kinase, Janus 
kinase, protein kinase C and NF-&B pathways183, 373. In chondrocytes, a DDR2-dependent 
increased release of IL-6 has been reported203. In other cell types, many more cytokines 
such as IL-12, TNF$, IFN%, and TGF' are regulated by DDR2 binding374, 375 and it is likely 
that also in chondrocytes more cytokines are regulated by DDR2. Using the same type 
II collagen-coated !lter model as described in Chapters 3, 4, 5 and 6, it was previously 
reported that DDR2 and its downstream target MMP-13 were not induced at day 28 after 
culture236. It was suggested that the 2D nature of the system limited contact of the cells 



138 Chapter 8

with collagen and the e"ects may have been more pronounced in a 3D collagen envi-
ronment. We indeed observed a high release by chondrocytes encapsulated in a type 
II collagen gel of most mediators measured, but only when non-expanded cells were 
employed. In fact, when culture-expanded cells were incorporated into the collagen gel, 
the release of most mediators was low, in line with the reduction in cytokine production 
we found in regeneration culture (Chapter 3). Expansion of cells alters the expression of 
cell surface receptors190 which may explain the altered chondrocyte behavior, including 
cytokine release. Altered receptor expression may also explain why unpassaged chon-
drocytes showed a much more versatile cytokine release in response to the di"erent 
biomaterials. Likewise, there were distinct di"erences in regeneration potential between 
unexpanded chondrocytes from donors without joint pathology, with symptomatic 
defects and OA, but not in regeneration potential by culture expanded chondrocytes 
(Chapter 3). However, both in biomaterial-based and !lter-based regeneration, we were 
unable to pinpoint speci!c cytokines associated with regeneration. The observation 
that the secretory pro!le of non-expanded chondrocytes was hardly di"erent between 
healthy, defect and OA chondrocytes further suggests that defect and OA cells may be 
equally suitable to regenerate cartilage (Chapter 3). However, the increased secretion of 
senescence-associated cytokines after expansion by these two cell types suggests that 
the same may not be true when chondrocytes are expanded prior to reimplantation.

Interestingly, the postulated added value of using di"erentiated, unpassaged, 
cells was not as outspoken in all of the biomaterials tested as it is in redi"erentiation 
models such as !lter or pellet cultures (see also Chapter 3). In particular, in !brin-based 
hydrogels, cartilage matrix production by expanded cells was not necessarily inferior 
to that by non-expanded cells. Fibrin-based hydrogels are known to be bene!cial to 
the chondrogenic di"erentiation of MSCs376, 377, likely due to their ability to bind endog-
enously produced growth factors such as TGF376, 378, 379. A similar mechanism may also be 
responsible for the observed enhanced matrix production by expanded chondrocytes. 

The ability of speci!c biomaterials to bind certain cytokines or growth factors is 
attractive because it can be used both for controlled delivery of incorporated growth 
factors as well as binding of endogenously produced growth factors thereby enhancing 
cartilage formation380. In contrast, the ability of a biomaterial to shield the implanted 
chondrocytes from the in#ammatory signals from the environment may also have ad-
vantages381. The ideal biomaterial should regulate soluble signaling in such a way that 
the di"erentiating chondrocytes are shielded from the catabolic cues from the host en-
vironment and endogenous production of anabolic cues is stimulated and immobilized 
in the biomaterial in a biomimetic manner to optimize regeneration.  



139

MODULATING SOLUBLE MEDIATORS ACTIVITY TO ENHANCE REGENERATION

Deciphering the role of each of these factors in cartilage repair and regeneration has 
proven not to be easy. The experiments performed in Chapters 4 and 5 prove that up-
regulation of an in#ammatory cytokine does not necessarily implicate a causal relation 
to increased cartilage degeneration or impaired regeneration. IL-6, an in#ammatory 
cytokine often suggested to be instrumental to cartilage degeneration, and found in 
increased concentrations in the synovial #uid of patients with symptomatic cartilage 
defects and OA, even had a mild stimulatory e"ect on in vitro regeneration (Chapter 4). 
Furthermore, inhibition of IL-6 in OA synovial #uid added to OA explant culture showed 
a trend towards decreased glycosaminoglycan content of the explants. This is in sharp 
contrast to the known catabolic role of IL-6 in rheumatoid arthritis135. Also, a more general 
reduction of in#ammation with a small inhibitory molecule such as celecoxib, a COX-2 
inhibitor, did not enhance cartilage matrix production despite reducing the release of 
several in#ammatory cytokines (Chapter 6). The !ndings of Chapters 4, 5 and 6 question 
the well-established dogma that reducing in#ammation is bene!cial to joint integrity. 
It seems that at least regeneration is not enhanced by a reduction of in#ammation and 
even the opposite may be true. Many, if not all repair processes in the human body start 
with an in#ammatory phase, and such observations are in line with work by others that 
suggest that in#ammation may be necessary for regeneration as well. Several authors 
have shown that early, transient NF-&B activation is essential to chondrogenesis by 
inducing SOX983, 328, 329. Furthermore, recent work evaluating pathways involved in em-
bryonic development of joints and articular cartilage identi!ed many genes associated 
with various in#ammatory pathways to be upregulated382. Our work indicates that there 
are distinct di"erences in the way in#ammatory mediators are regulated between chon-
drocytes in cartilage tissue and isolated chondrocytes in a tissue regeneration culture. 
In general, cytokine release was massively increased in regeneration cultures compared 
to cartilage tissue. Several in#ammatory cytokines that were not present in the cartilage 
were induced during regeneration culture. Furthermore, di"erences in cytokine levels 
between healthy cartilage, cartilage debrided from defects and OA cartilage were not 
the same in tissue and regeneration culture. The production of in#ammatory mediators 
by OA cartilage explants and OA cells in regeneration culture was also di"erentially regu-
lated. The production of in#ammatory mediators was COX-2 dependent in the former, 
but not in the latter (Chapter 6). This di"erent mechanism regulating the production of 
soluble mediators during regeneration culture may also explain why the pro!le of these 
mediators was not related to cartilage matrix formation (Chapters 3 and 4). However, it is 
also possible that the role of soluble mediators in regeneration tends to be overstated. 

Cytokines may have various e"ects depending on the knee joint environment and 
context. The knee joint environment comprises many factors interacting with each other 
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in a complex system. Cytokines are well known to stimulate each other’s production. In 
particular, IL-1' is known to induce many other cytokines and in vivo inhibition of IL-1' 
reduced the production of many in#ammatory mediators76. Soluble mediators may act 
synergistically but may also counteract each other. For example, di"erent combinations 
of IGF-I, TGF'-1, FGF-2, BMP-2 and BMP-7 can, depending on the combination, either 
enhance or reduce cell proliferation and matrix production383. TGF' and IL-1', two key 
players in cartilage anabolism and catabolism respectively, are known for their elabo-
rate interplay384, 385. Also, IGF-I can counteract the e"ects of IL-1'386. Redundancy in the 
system may explain why interference with one factor only has a limited overall e"ect. 
In addition, by modulating an in#ammatory factor, the concurrent changes found in 
the levels of anti-in#ammatory factors may lead to no net e"ect in regenerative path-
ways. Furthermore, di"erences in cell phenotype may entail a di"erential response to 
biochemical cues. For example, CXCL8 has been shown to induce hypertrophic di"eren-
tiation in monolayer-expanded chondrocytes under non-adherent conditions, but this 
was not observed in chondrocytes exposed to regenerative stimuli (Chapter 5). Also, it 
has been suggested that OA chondrocytes are less responsive to in#ammatory stimuli243, 

387. Exploring whether in symptomatic cartilage defects and OA, the same cytokines and 
mechanisms are responsible for the regulation of enzyme systems that regulate cartilage 
turnover, will be very important. The roles of in#ammatory mediators in joint disease 
and cartilage integrity can vary extensively depending on the knee joint environment 
and disease. This is illustrated by the overt discrepancy in the obtained success by treat-
ment with biologicals between rheumatoid arthritis and osteoarthritis388. Also, in our 
own data we clearly observed that modulating IL-6 and CXCL8 signaling had di"erential 
e"ects on chondrocytes from healthy, debrided defect and OA cartilage. 

Further investigation, for example through micro-array analysis of cartilage debrided 
from defects, may reveal whether similar pathways are active in this cartilage as in OA 
cartilage or perhaps are more similar to cartilage disrupted by trauma. Furthermore, 
more attention to the other tissues of the knee joint and their contribution and response 
to soluble mediators will be important. A speci!c set of genes in degenerated menisci 
was correlated to chondral defects389. Similarly, the role of synovial in#ammation needs 
to be further elucidated as it is often present in patients with symptomatic cartilage 
defects and is instrumental in the pathogenesis of OA58. The success of cartilage re-
generation may also largely depend on bone-speci!c factors390. Ultimately, to improve 
cartilage regeneration, especially in challenging conditions such as with the use of non-
healthy cells or severely disturbed joint homeostasis, at least several mediators need to 
be investigated for the e"ect on regeneration, not limited to those present in synovial 
#uid but also targeting endogenous production by chondrocytes and addressing the 
chondrocyte microenvironment. High-throughput technologies would be of great value 
here, at least for initial screening purposes. 
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CONCLUSIONS

Regenerative cartilage therapy meets a previously unmet medical need in current 
clinical care. Autologous chondrocyte implantation results in signi!cantly better clinical 
outcome than microfracture in patients with defects > 4 cm2 at two years follow-up. This 
information is of great value for the evidence-based, selective indication of ACI. In addi-
tion to the need to select patients most likely to bene!t from cell-based therapies, there 
still is an unmet medical need to improve this treatment. The synovial #uid of patients 
with symptomatic cartilage defects and OA are each characterized by a distinct pro!le 
of soluble mediators, in which several pro-in#ammatory but also pro-repair cytokines 
are elevated compared to donors without joint pathology that may both a"ect cartilage 
regeneration. Despite the increased presence of in#ammatory mediators, inhibition of 
individual in#ammatory mediators or enzymes did not have large e"ects on cartilage 
regeneration, possibly due to counteracting factors. It is therefore not easy to identify 
which factors are contributing most to the e"ects on cartilage regeneration. In order to 
improve cell-based regenerative therapies, modulation of at least several soluble me-
diators will likely be needed. We here describe chondrocytes to be potent producers of 
cytokines that, in addition to the other tissues of the knee joint, contribute greatly to the 
presence of these soluble factors in the synovial #uid. Additionally, local concentrations 
of cytokines in cartilage tissue were sometimes many times higher than in a similar vol-
ume of synovial #uid. Therefore, locally acting soluble mediators may be very di"erent 
from those in the synovial #uid and a"ect chondrocytes in an auto- or paracrine manner. 
To improve the quality of repair tissue and clinical outcome, an integrative approach 
addressing multiple soluble mediators, not limited to those present in the synovial 
#uid but also targeting endogenous production by chondrocytes and addressing the 
chondrocyte micro-environment will be necessary. 
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NEDERLANDSE SAMENVATTING

Regeneratie van het gewrichtskraakbeen is het ultieme doel in de behandeling van 
focale kraakbeendefecten van de knie. Herstel van het gewrichtskraakbeen met 
!breus kraakbeenweefsel is waarschijnlijk gerelateerd aan het falen van de behandel-
ing. Bovendien kan adequate en tijdige behandeling van een focaal kraakbeendefect 
mogelijk de ontwikkeling van artrose voorkomen. Artrose is een groot probleem voor 
de samenleving, met name omdat er nog geen behandeling bestaat die het verloop van 
de ziekte kan beïnvloeden. 

Autologe chondrocytenimplantatie is de eerste, op cellen gebaseerde, behandeling 
die de potentie heeft om werkelijk regeneratie, en niet reparatie, van het kraakbeen 
te bewerkstelligen. Uit vroege studies die de samenstelling van het herstelweefsel on-
derzochten, is gebleken dat het herstellende kraakbeen wordt beinvloed van buitenaf, 
zoals bijvoorbeeld enzymen in de gewrichtsvloeistof. Hierdoor is het idee ontstaan 
dat gewrichtshomeostase het kraakbeenherstel beïnvloedt en dat, onder de juiste 
omstandigheden, regeneratie van het gewrichtskraakbeen mogelijk is. Om zowel een 
anatomisch als functioneel normaal kraakbeen te regenereren, is het noodzakelijk dat 
we de complexiteit van de gewrichtshomeostase beter begrijpen en alle aspecten van 
het gewrichtsmilieu, inclusief de oplosbare factoren die in de knie een rol spelen, adres-
seren. 

Identi$catie van de beste chirurgische behandeling

Er bestaan een aantal chirurgische behandelingsmogelijkheden voor symptomatische 
kraakbeendefecten van de knie. Gerandomiseerde klinische onderzoeken hebben tot 
nu toe geen grote verschillen laten zien tussen de verschillende behandelingen voor de 
algemene patiëntenpopulatie met een kraakbeendefect. Echter, wij laten zien dat voor 
patiënten met een groot kraakbeendefect (> 4 cm2), autologe chondrocytenimplantatie 
resulteert in een betere klinische uitkomst na twee jaar dan microfractuur (Hoofdstuk 
2). Histologische analyse van het herstelweefsel en MRI analyse lieten echter geen ver-
schillen zien tussen de twee behandelingen (Hoofdstuk 2). Gerandomiseerde klinische 
onderzoeken met voldoende patiëntenaantallen zijn noodzakelijk voor de wetenschap-
pelijke onderbouwing van de klinische indicatiestelling voor speci!eke patiëntgroepen 
met focale kraakbeendefecten van de knie. Het is echter ook belangrijk dat de inno-
vatie van autologe chondrocytenimplantatie doorgaat, omdat deze behandeling nog 
verscheidene beperkingen kent; met name de kwaliteit van het herstelweefsel zou 
verbeterd kunnen worden. 
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Verbetering van het herstelweefsel door het fenotype van de chondrocyten te 
adresseren

Het herstelweefsel dat wordt gevormd na autologe chondrocytenimplantatie is op 
zijn best hyalien-achtig en verschilt in verscheidene opzichten van het oorspronkelijke 
kraakbeen: het bevat type I collageen, de type II collageen !brillen hebben niet de 
juiste karakteristieke organisatie en de hoeveelheid en de samenstelling van de types 
glycosaminoglycanen is afwijkend. Dit wordt waarschijnlijk onder andere veroorzaakt 
doordat de chondrocyten die worden geïmplanteerd in de knie, zijn gededi"erentieerd 
doordat ze eerst in monolaag zijn geëxpandeerd. Onderzoek naar de mechanismes 
waardoor het fenotype van de chondrocyten het herstelweefsel beïnvloedt, is ook 
van belang wanneer, behalve de nu gebruikte chondrocyten uit gezond kraakbeen, 
ook chondrocyten verkregen uit de randen van het defect of uit artrotisch kraakbeen 
gebruikt gaan worden. Deze laatste twee bronnen van kraakbeen zijn interessant om zo 
de additionele schade die wordt toegebracht aan de knie te reduceren en celtherapie 
ook voor artrosepatiënten mogelijk te maken. De klinische resultaten van autologe 
chondrocytenimplantatie bij artrosepatiënten zijn nog niet heel goed. Echter het re-
generatiepotentiaal van deze chondrocyten is minstens net zo goed als van gezonde 
chondrocyten (Hoofdstuk 3).  Waarschijnlijk worden de inferieure resultaten voor een 
groot deel veroorzaakt door de verstoring van de gewrichtshomeostase. 

Oplosbare mediatoren in het gewrichtsmilieu

Behalve het fenotype van de chondrocyten, is ook het gewrichtsmilieu, inclusief de 
oplosbare mediatoren aanwezig in de knie, van belang voor regeneratie van het ge-
wrichtskraakbeen.

De synoviale vloeistof bevat veel van dit soort oplosbare factoren en eerder is ge-
bleken dat de samenstelling van deze vloeistof verandert na gewrichtstrauma en bij 
artrose, en dan belemmerend is voor kraakbeenregeneratie. Ook bij patiënten met 
symptomatische kraakbeendefecten bleek de samenstelling van de synoviale vloeistof 
anders te zijn dan bij donoren zonder kraakbeenschade of patiënten met artrose, en 
verhoogde hoeveelheden pro-in#ammatoire en pro-herstel cytokinen te bevatten 
(Hoofdstuk 3). Behoudens de synoviale vloeistof, bevinden zich ook oplosbare me-
diatoren in het kraakbeen zelf (Hoofdstuk 3). Bovendien waren de concentraties van 
verscheidene in#ammatoire cytokines in kraakbeenweefsel vele malen hoger dan in de 
synoviale vloeistof. Dit suggereert dat de mediatoren door de chondrocyten zelf worden 
geproduceerd, auto- en of paracrien werken en mogelijk een belangrijkere rol spelen 
dan afgeleid zou kunnen worden uit hun aanwezigheid in de synoviale vloeistof. 

Wij vonden een hoge productie van cytokines gedurende in vitro regeneratie (Hoofd-
stukken 3 en 4). Bovendien werd deze productie gemoduleerd door het biomateriaal 
gebruikt voor het opnemen van de chondrocyten (Hoofdstuk 4). Met name niet-geëx-



173

pandeerde chondrocyten lieten een speci!ek afgiftepatroon van mediatoren zien in re-
actie op het biomateriaal. Bovendien was kraakbeenvorming door niet geëxpandeerde 
chondrocyten in veel grotere mate afhankelijk van het gebruikte biomateriaal dan het 
geval was bij het gebruik van geëxpandeerde chondrocyten. Echter, er was geen relatie 
tussen de productie van speci!eke mediatoren en kraakbeenvorming (Hoofdstukken 3 en 
4). Het afgiftepro!el van oplosbare mediatoren was nauwelijks verschillend tussen niet-
geëxpandeerde chondrocyten uit gezond kraakbeen, kraakbeen uit de randen van een 
defect, en artrosekraakbeen, terwijl er wel verschillen waren in regeneratiepotentiaal 
(Hoofdstuk 3). Geëxpandeerde chondrocyten van defecten en artrosekraakbeen lieten 
met name verhoogde productie van met veroudering geassocieerde cytokines zien, 
terwijl ze evenveel kraakbeenmatrix vormden als chondrocyten uit gezond kraakbeen 
(Hoofdstuk 3). 

Moduleren van oplosbare mediatoren om kraakbeenregeneratie te verbeteren

Het ontcijferen van de werking en functie van al deze mediatoren zal niet eenvoudig 
zijn. Verhoogde productie van speci!eke factoren is niet indicatief voor een rol in 
kraakbeendegeneratie of -regeneratie (Hoofdstukken 3, 4, 5 en 6). IL-6, een in#ammatoire 
cytokine, bleek in verhoogde mate aanwezig te zijn in de synoviale vloeistof van pati-
enten met symptomatische kraakbeendefecten en artrose (Hoofdstuk 6). Echter IL-6 had 
hier geen katabole rol zoals bij patiënten met reumatoïde artritis, maar juist een licht 
anabole functie gedurende in vitro regeneratie en herstel van artrotisch kraakbeen. Ook 
de aanwezigheid van CXCL8 (IL-8), een cytokine waarvan eerder gesuggereerd is dat 
het hypertro!e van chondrocyten zou veroorzaken had maar zeer minimale e"ecten 
op kraakbeenmatrixproductie, en induceerde geen hypertro!e gedurende regeneratie, 
noch in kweek met artrotisch kraakbeen (Hoofdstuk 5). Ook het remmen van in#ammatie 
met de COX-2 remmer celecoxib had geen e"ect op kraakbeenproductie, alhoewel het 
wel de vorming van in#ammatoire mediatoren remde (Hoofdstuk 7). Ons werk trekt de 
algemeen aangenomen veronderstelling dat in#ammatie nadelig is voor de integriteit 
van kraakbeen, in twijfel. 

Conclusies

Regeneratieve behandelingen beantwoorden een tot nu toe onbevredigde klinische 
behoefte. Autologe chondrocytenimplantatie resulteert in betere klinische uitkomst 
na 2 jaar bij patiënten met defecten groter dan 4 cm2 en heeft de potentie om in 
regeneratie van het gewrichtskraakbeen te resulteren, maar daarvoor zal herstel van 
de gewrichtshomeostase van groot belang zijn. Patiënten met symptomatische kraak-
beendefecten hebben een verhoogde aanwezigheid van een aantal pro-in#ammatoire 
en pro-herstel mediatoren in de knie die de kraakbeenregeneratie zouden kunnen 
beïnvloeden. Modulatie van een selectie individuele oplosbare mediatoren had geen 
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grote invloed op de vorming van kraakbeen, mogelijk doordat er tegenovergesteld 
werkende mediatoren aanwezig waren, maar ook omdat deze een geheel andere rol 
kunnen spelen. Bovendien bleken chondrocyten zelf grote hoeveelheden van deze 
oplosbare mediatoren te kunnen produceren en waren lokale concentraties van in#am-
matoire cytokines in kraakbeen soms vele malen hoger dan in synoviale vloeistof. Om 
de kwaliteit van het herstelkraakbeen en klinische uitkomsten te optimaliseren, zal een 
gecombineerde aanpak van belang zijn, door het interfereren met meerdere mediato-
ren, zowel in synoviale vloeistof als endogeen geproduceerd door chondrocyten.
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