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Abstract

Purpose The combination of chondrogenic factors might

be necessary to adequately stimulate articular cartilage

repair. In previous studies, enhanced repair was observed

following transplantation of chondrocytes overexpressing

human insulin-like growth factor I (IGF-I) or fibroblast

growth factor 2 (FGF-2). Here, the hypothesis that co-

overexpression of IGF-I and FGF-2 by transplanted artic-

ular chondrocytes enhances the early repair of cartilage

defects in vivo and protects the neighbouring cartilage

from degeneration was tested.

Methods Lapine articular chondrocytes were transfected

with expression plasmid vectors containing the cDNA for

the Escherichia coli lacZ gene or co-transfected with the

IGF-I and FGF-2 gene, encapsulated in alginate and

transplanted into osteochondral defects in the knee joints of

rabbits in vivo.

Results After 3 weeks, co-overexpression of IGF-I/FGF-2

improved the macroscopic aspect of defects without

affecting the synovial membrane. Immunoreactivity to type-

I collagen, an indicator of fibrocartilage, was significantly

lower in defects receiving IGF-I/FGF-2 implants. Impor-

tantly, combined IGF-I/FGF-2 overexpression significantly

improved the histological repair score. Most remarkably,

such enhanced cartilage repair was correlated with a 2.1-fold

higher proteoglycan content of the repair tissue. Finally,

there were less degenerative changes in the cartilage adja-

cent to the defects treated with IGF-I/FGF-2 implants.

Conclusion The data demonstrate that combined gene

delivery of therapeutic growth factors to cartilage defects

may have value to promote cartilage repair. The results

also suggest a protective effect of IGF-I/FGF-2 co-over-

expression on the neighbouring articular cartilage. These

findings support the concept of implementing gene transfer

strategies for articular cartilage repair in a clinical setting.

Keywords Cartilage defect � Gene transfer � IGF-I �
FGF-2 � Primary articular chondrocytes � Alginate

Introduction

Articular cartilage has a limited reparative capacity. Car-

tilage defects in adults do not regenerate [27] and may

predispose the affected joint to develop secondary osteo-

arthritis [25]. Among the many different clinical strategies

to induce the formation of a cartilaginous repair tissue,

autologous articular chondrocyte implantation (ACI) [1] is

a therapeutic option particularly suited to repair large

cartilage defects [17]. However, even with such an elabo-

rate technique, the new tissue that forms does not com-

pletely resemble the original structure of the articular
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cartilage [2] and its long-term properties remain uncertain

[17, 37]. Accordingly, novel strategies are needed to fur-

ther enhance the structural and functional properties of the

repair tissue [27].

Polypeptide growth factors regulate chondrogenesis [11]

and may be applied as therapeutic agents [36]. In particular,

insulin-like growth factor I (IGF-I) and fibroblast growth

factor-2 (FGF-2) are potent candidates to enhance articular

cartilage repair in vivo [4, 8, 9, 13, 15, 22]. IGF-I is anabolic

for articular chondrocytes and stimulates the production of

type-II collagen and proteoglycans, two key extracellular

matrix proteins, in vitro [24] and in vivo [26, 36]. FGF-2 is

mitogenic for articular chondrocytes in vitro [21], supports

chondrogenesis [11] and enhances the repair of articular

cartilage defects in vivo [31]. Yet, the experimental and

clinical application of growth factors for articular cartilage

repair is complicated by their short intraarticular half-life

[30, 33]. Gene transfer of growth factor genes in cells or

tissues that are transplanted into articular cartilage defects

allows for a spatially defined overexpression of these ther-

apeutic molecules over prolonged and clinically relevant

periods of time [5, 6, 14, 15, 22].

In previous studies, single overexpression of human

IGF-I or FGF-2 improved the repair of osteochondral

defects in rabbits [15, 22]. Interestingly, transplantation of

NIH 3T3 fibroblasts co-overexpressing IGF-I and FGF-2

led to accelerated repair after 3 weeks in vivo in a mag-

nitude that was larger than when IGF-I was provided alone

[23]. Yet, the histological repair score for single IGF-I

treatment was inferior when NIH 3T3 fibroblasts were used

instead of articular chondrocytes [15, 22], suggesting that

chondrocytes might be of higher value for transplantation

strategies applying genetically modified cells co-over-

expressing a combination of growth factors.

This study tested the hypothesis that co-overexpression

of IGF-I and FGF-2 by transplanted articular chondrocytes

enhances the early repair of cartilage defects in vivo and

protects the neighbouring cartilage from early osteoar-

thritic degeneration.

Materials and methods

The experimental set-up was similar than in previous

studies to allow for a comparison [15, 22, 23]. This

included the IGF-I and FGF-2 gene vectors with identical

regulatory expression sequences (e.g. the cytomegalovirus

immediate–early promoter/enhancer) [21, 24], articular

chondrocytes obtained from male Chinchilla bastard rab-

bits (similar mean weight) from the same breeder (Charles

River, Sulzfeld, Germany) [22], the alginate hydrogel for

cell encapsulation [19], the animal model of an osteo-

chondral defect, an identical 3-week time point of

observation [15, 22], and the histological score system [32]

for evaluation.

Materials

All reagents were obtained from Invitrogen/Gibco (Kar-

lsruhe, Germany) unless otherwise indicated. Alginate,

bovine testicular hyaluronidase, calf thymus DNA, L-Cy-

stein and Na2ETDA were from Sigma (Munich, Germany),

chondroitin-6-sulphate from Fluka (Buchs, Switzerland)

and 1,9-dimethylmethylene blue from Serva (Darmstadt,

Germany). Collagenase type I (activity: 232 U/mg) was

purchased at Biochrom (Berlin, Germany). Plasticware was

obtained from Falcon (Becton–Dickinson, Pont de Claix,

France).

Articular chondrocyte culture and lipid-based

transfection

Articular cartilage was harvested from the knee and hip

joints of three juvenile male Chinchilla bastard rabbits

(mean weight: 1.8 ± 0.5 kg) as previously described [15,

22, 23]. Cell viability, as determined by trypan blue

exclusion, always exceeded 90%. Cells were placed in

monolayer culture in basal medium containing 10% foetal

bovine serum (growth medium). Transfections were per-

formed using expression plasmid vectors carrying either

the E. coli lacZ gene sequence encoding for b-galactosi-

dase (pCMVlacZ; termed lacZ-transfected) or a combina-

tion of human IGF-I (pCMVhIGF-I) and human FGF-2

cDNA (pCMVhFGF-2; termed IGF-I/FGF-2-transfected)

placed under the control of the human cytomegalovirus

immediate-early promoter/enhancer (CMV-IE) and the

non-liposomal lipid formulation FuGENE 6 (v/w ratio 1:2;

Roche Applied Sciences, Mannheim, Germany), as previ-

ously described [15, 19, 22, 29]. Transfection efficiency

was determined by detection of b-galactosidase activity

36 h after transfections by X-Gal staining [20].

Encapsulation of transfected articular chondrocytes

in alginate spheres

One day after transfection, the chondrocytes were encap-

sulated in alginate as previously described [15, 19, 22]. The

resulting alginate implants containing lacZ- or IGF-I/FGF-

2-transfected chondrocytes (termed lacZ or IGF-I/FGF-2

implants) were either transplanted in vivo or further

examined in vitro [15, 19, 22].

Detection of cell viability and transgene expression

On days 0 and 21 post-encapsulation, the individual

implants (n = 3 per time point and condition) were
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solubilised, the released cells were counted and viability

was determined using a Neubauer chamber and trypan blue

exclusion staining, based on 4 counts per sample, as pre-

viously described [15, 19, 22]. To measure the secretion of

IGF-I and FGF-2 by the implants, conditioned medium was

collected on days 0, 2, 4, 7, 14, and 21 post-encapsulation

(n = 3 per time point and condition), and levels of IGF-I

and FGF-2 were determined by ELISA (both R&D Sys-

tems, Wiesbaden, Germany) with detection limits of 26 pg/

ml (IGF-I) and 3 pg/ml (FGF-2) essentially as previously

described [15, 19, 22].

Transplantation of alginate implants into osteochondral

cartilage defects in vivo

All animal procedures were approved by the Saarland

Governmental Animal Care Committee, and the principles

of laboratory animal care were followed. The transplanta-

tion of implants in vivo was performed at the day of

encapsulation (1 day post-transfection) as previously

described [15, 22, 23]. Briefly, seven female Chinchilla

bastard rabbits (Charles River, Sulzfeld, Germany; mean

weight: 2.9 ± 0.1 kg; seven joints per group) were anaes-

thetised, the knee joint was entered through a medial para-

patellar approach and two cylindrical osteochondral defects

were created in the patellar groove of each knee (n = 28

defects) with a burr (3.2 mm in diameter; Synthes, Umkirch,

Germany). Implants from a single preparation were press-fit

into the defects. The right and left knees alternatively

received lacZ (n = 14 defects) or IGF-I/FGF-2 implants

(n = 14 defects) in both defects of the same joint. To

maximise exposure of the defects to loading, animals were

allowed full activity immediately post-operatively.

Macroscopic assessment of the joints

Three weeks after implantation in vivo, the rabbits were

euthanised with pentobarbital (150 mg/kg body weight;

Merial, Hallbergmoos, Germany) and the knee joints were

examined macroscopically. An inverse scoring system was

developed, incorporating individual parameters for con-

tracture, effusion and adhesion of the joint, synovialitis,

osteophyte formation, colour and surface of the defect,

integration with surrounding cartilage and filling of the

defect (Table 1). The individual scores were combined,

resulting in an average total score. Values range from 12

points (no signs of repair) to 0 points (normal articular

cartilage). A total of 28 defects were scored.

Histological and immunohistochemical analyses

The distal femurs were retrieved, fixed in 4% phosphate-

buffered formalin, trimmed, and decalcified. Paraffin-

embedded frontal sections of the distal defects (5 lm) were

stained with safranin O and haematoxylin and eosin (HE)

according to routine histological protocols [16]. Type-II,

type-I collagen and lacZ immunostaining was performed as

previously described [15, 23] using a 1/50 dilution of a

monoclonal mouse anti-type-II or type-I collagen IgG (Acris

Antibodies, Hiddenhausen, Germany) and a biotinylated

anti-mouse antibody (Vector Laboratories, Grünberg, Ger-

many). To control for secondary immunoglobulins, sections

were processed as earlier, except for the secondary antibody.

Visualisation of the collagen network (collagen fibril bire-

fringence, orientation and parallelism, i.e. anisotropy)

Table 1 Macroscopic grading system

Category Point value

Contracture

No 0

Yes 1

Effusion

No 0

Yes 1

Intraarticular adhesions

No 0

Yes 1

Synovialitis

No 0

Yes 1

Osteophytes

No 0

Yes 1

Colour of the defect

Normal 0

Translucent 1

Dark 2

Surface of the defect

Smooth 0

Fibrillated 1

Total degeneration 2

Integration with adjacent cartilage

Complete integration 0

Demarcating border 1

Filling of the defect

Protruding 1

In level with adjacent cartilage 0

50% repair of defect depth 1

0% repair of defect depth 2

Macroscopic aspect of the repaired cartilage defects was assessed

using an inverse grading system developed by the authors. This

system is based on 9 specific parameters and the individual scores are

added. The resulting total score ranges from 0 points (normal carti-

lage) to 12 points (no signs of repair)
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within the repair tissue was performed on HE-stained his-

tological sections using polarised light microscopy (BX-45,

Olympus, Hamburg, Germany).

The synovial membrane was evaluated on HE-stained

sections (Fig. 1) using a previously published scoring

system [8]. The three categories in this system include

villus thickening (fibrosis), villus architecture (blunting)

and the presence of inflammatory cell infiltrates. Total

point values range between 0 and 9 points. A total of 50

sections were scored by two investigators without knowl-

edge of the treatment groups.

Immunoreactivity to type-II collagen in the repair

tissue was compared with that of the adjacent normal

articular cartilage that served as a positive internal con-

trol. Immunoreactivity to type-I collagen in the repair

tissue was compared with that of the subchondral bone

adjacent to the normal articular cartilage that served as a

positive internal control. A score was given to each knee

joint—0: no immunoreactivity; 1: significantly weaker

immunoreactivity; 2: moderately weaker immunoreactiv-

ity; 3: similar immunoreactivity; 4: stronger immunore-

activity compared with controls. Histological sections

(n = 2–3 per defect and collagen type) were scored by

two investigators blinded with regard to the treatment

groups.

For the quantitative assessment of the repair tissue,

serial histological sections of the distal femora were taken

at 200-lm intervals. Sections within approximately

1.0 mm from the centre of the defect (n = 9–11 per defect)

were analysed using the articular cartilage repair scoring

system described by Sellers and co-workers [32] (Table 2)

as previously described [4, 15, 22, 23]. A total of 140

sections were scored independently by two investigators

without knowledge of the treatment groups. Inter-observer

reliability was determined. Images of the cartilage defects

were acquired using a solid-state CCD camera mounted on

a BX-45 microscope (Olympus, Hamburg, Germany).

Degenerative changes in the articular cartilage adjacent

to the defects were evaluated on safranin O-stained histo-

logical sections. A 3-mm area of normal articular cartilage

adjacent to both integration sides (excluding the area of

integration) was evaluated for changes in cellularity,

clustering and safranin O staining intensity [28, 34]. The

following point values were applied—0: severe hypocell-

ularity and poor or no staining; 1: mild or moderate

hypocellularity and slight staining; 2: normal cellularity,

mild clusters and moderate staining; 3: normal cellularity,

no clusters and normal staining.

The area occupied by the lacZ and IGF-I/FGF-2 alginate

implants was measured on safranin O-stained serial histo-

logical sections of the distal femora that were taken at

400-mm intervals as previously described [23].

Proteoglycan content of the repair tissue in vivo

The entire repair tissue of the proximal defects was

retrieved. To each sample, 100 ll papain solution

(0.0125%) was added, following overnight incubation at

60�C. Proteoglycans were detected using the dimethylm-

ethylene blue (DMMB) assay (detection limit: 0.2 lg) [7] as

previously described [23].

Statistical analysis

Each test condition was performed in duplicate or triplicate

for the in vitro characterisation experiments and with seven

defects per group for the in vivo experiments. Differences

in cell number, viability or proteoglycan content were

compared between treatment and control groups using

nested analysis of variance (ANOVA). To determine the

sample size for the in vivo experiments, a standard devi-

ation of 25% for the mean total score was estimated based

on literature values for selected cartilage repair procedures.

For a power of 80% (beta = 0.20) and a two-tailed alpha

Fig. 1 Microscopic evaluation of inflammatory and adverse reactions

to the described treatment was performed on HE-stained histological

sections of the synovial membrane as described by Fortier et al. [8].

Among the knee joints that received lacZ (a) or IGF-I/FGF-2

(b) implants, no significant differences in thickness or architecture of

synovial villi and in the presence of inflammatory cell infiltrates were

observed. Original magnification 9100, scale bars 0.2 mm (a, b)
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level of 0.05, a sample size of seven defects per group

would have been sufficient to detect a mean difference of

5 points between the groups, assuming a pooled standard

deviation of 2.5 points (effect size = 5/2.5 = 2.0, using

the two-sample Student’s t-test; version 5.0, nQuery

Advisor, Statistical Solutions, Saugus, MA, USA). To

evaluate the histological grading of in vivo experiments,

points for each category and total scores were compared

between the two groups using a mixed general linear model

with repeated measures (knees nested within the same

animals). Differences in the proteoglycan contents of the

retrieved tissues in vivo were identified by a paired t test on

6 degrees of freedom. To determine a possible correlation

between the histological average total score and the pro-

teoglycan contents of the repair tissue, the non-parametric

Spearman’s rank correlation coefficient (Spearman’s q)

was applied. Inflammatory responses, immunohistochemi-

cal analyses, macroscopic score and areas occupied by the

implants were evaluated using ANOVA. Statistical analy-

sis of the data was performed using the SPSS software

package (version 12.0, SPSS Inc., Chicago, IL, USA). Data

are expressed as mean ± 95% confidence interval (CI).

A two-tailed P \ 0.05 was considered statistically significant.

Results

Transfection efficiency and cell viability in vitro

Mean transfection efficiency was of 30.1 ± 4.1%, as noted

by X-Gal staining, consistent with previous data [19, 22].

Cell viability was above 85% at the time of encapsulation

in alginate in both groups. Over the time of in vitro culti-

vation, cell viability remained constant in the IGF-I/FGF-2

group (86.0 ± 1.4% by day 21) but decreased significantly

following lacZ treatment (79.5 ± 0.7% by day 21;

P \ 0.05, n = 6).

Growth factor synthesis in vitro

At day 2 in vitro, IGF-I expression levels in the superna-

tants of IGF-I/FGF-2 implants were of 33.4 ± 1.8 ng/107

cells/24 h (n = 3) (Table 3). By day 7 after transfection,

they declined to 15.9 ± 7.0 ng/107 cells/24 h but were still

significant compared with control implants. Beyond this

time point (days 14 and 21), IGF-I was not detectable in the

supernatants of IGF-I/FGF-2 implants anymore. IGF-I was

never detectable in supernatants of lacZ implants. The

FGF-2 expression levels of IGF-I/FGF-2 implants were of

7.5 ± 1.1 ng/107 cells/24 h at day 2 in vitro (Table 3) and

returned to baseline by day 7 (1.1 ± 1.0 ng/107 cells/24 h;

P [ 0.3 versus lacZ implants). FGF-2 concentrations in the

supernatants of lacZ implants ranged between 0.0 ± 0.1

and 0.3 ± 0.5 ng/107 cells/24 h.

Macroscopic aspect after in vivo transplantation

After 3 weeks in vivo, there were no contractures, effu-

sions, adhesions, synovialitis or osteophyte formations in

any of the treated joints (Table 1). Colour and filling of

the defects were significantly different (both P \ 0.01),

resulting in a 2.4-fold improvement in the average total

score of defects receiving the IGF-I/FGF-2 implants com-

pared with the lacZ-treated defects (1.6 ± 0.5 and

3.9 ± 0.7, respectively; P \ 0.01).

Microscopic evaluation of the synovium in vivo

There was no significant difference in the thickness or

architecture of synovial villi or in the presence of

Table 2 Histological grading

system

Repair of the articular cartilage

was quantitatively estimated

using a previously published

inverse histological grading

system. This system is based on

8 individual parameters and the

individual scores are added. The

resulting total score ranges from

0 points (normal articular

cartilage) to 31 points (empty

defect with no repair tissue).

Adapted from Sellers et al. [32]

Category Point value

1. Filling of the defect relative to surface of normal adjacent cartilage 0–4

2. Integration of repair tissue with surrounding articular cartilage 0–3

3. Matrix staining with safranin O-fast green 0–3

4. Cellular morphology

Normal 0

Mostly round cells with the morphology of chondrocytes 0–2

50% round cells with the morphology of chondrocytes 2–4

Mostly spindle-shape (fibroblast-like cells) 5

5. Architecture within entire defect (not including margins) 0–4

6. Architecture of surface 0–3

7. Percentage of new subchondral bone

If new bone is below original tidemark 0–4

If new bone is above original tidemark 0–4

8. Formation of tidemark 0–4
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inflammatory cell infiltrates between knees receiving the

IGF-I/FGF-2 (1.3 ± 1.0) or lacZ implants (1.7 ± 1.4) at

3 weeks (Table 4; Fig. 1).

Immunohistochemical detection of collagen synthesis

and lacZ expression in vivo

The repair tissue was evaluated for the presence of type-I

collagen as an indicator of fibrocartilage (Table 5; Fig. 5).

Three weeks after transplantation, immunoreactivity to

type-I collagen was significantly stronger in the repair

tissue of defects that received lacZ implants (mean: 3.2)

than in those where the IGF-I/FGF-2 implants were applied

(mean: 2.0; P \ 0.01). The new tissue was also analysed

for the presence of type-II collagen, a major component of

the extracellular matrix of hyaline articular cartilage

(Table 5; Fig. 5). In the lacZ group, immunoreactivity to

type-II collagen was inferior to that of the adjacent normal

articular cartilage. Defects receiving IGF-I/FGF-2 implants

exhibited slightly stronger immunoreactivity to type-II

collagen (mean: 1.6) compared with those receiving lacZ

implants (mean: 1.5; n.s.). After 3 weeks in vivo, lacZ

expression was revealed by immunohistochemistry within

lacZ implants but not within IGF-I/FGF-2 implants

(Fig. 2).

Polarised light microscopy of the repair tissue

Collagen fibrils within the repair tissue of defects receiving

lacZ and IGF-I/FGF-2 implants were mainly oriented

parallel to the joint surface, without reproducing a normal

articular cartilage organisation. Similar to the data obtained

by immunohistochemical analyses, birefringence (an indi-

cator of collagen content) was weaker within the repair

tissue than in the surrounding normal articular cartilage in

both lacZ- and IGF-I/FGF-2-treated defects (Fig. 3).

Birefringence in the subchondral bone was similar between

the defect areas and the adjacent tissue, confirming a good

Table 3 In vitro growth factor secretion by chondrocyte–alginate implants

Days post-transfection 0 2 4 7 14 21

lacZ implants

FGF-2

(ng/107 viable cells/24 h)

n.d. 0.0 ± 0.1 N.D. 0.3 ± 0.4 0.3 ± 0.5 N.D.

FGF-2

(pg/implant/24 h)

n.d. 0.3 ± 0.5 N.D. 0.9 ± 1.6 1.1 ± 1.9 N.D.

IGF-I

(ng/107 viable cells/24 h)

n.d. N.D. N.D. N.D. N.D. N.D.

IGF-I

(pg/implant/24 h)

n.d. N.D. N.D. N.D. N.D. N.D.

IGF-I/FGF-2 implants

FGF-2

(ng/107 viable cells/24 h)

n.d. 7.5 ± 1.1 12.4 ± 4.0 1.1 ± 1.0 0.1 ± 0.1 0.2 ± 0.1

FGF-2

(pg/implant/24 h)

n.d. 52.4 ± 8.2 69.9 ± 23.7 7.4 ± 7.3 0.5 ± 0.8 0.9 ± 0.8

IGF-I

(ng/107 viable cells/24 h)

n.d. 33.4 ± 1.8 21.6 ± 0.6 15.9 ± 7.0 N.D. N.D.

IGF-I

(pg/implant/24 h)

n.d. 273.7 ± 14.3 120.8 ± 3.1 90.9 ± 25.3 N.D. N.D.

Lapine articular chondrocytes transfected with pCMVlacZ or pCMVhIGF-I with pCMVhFGF-2 were encapsulated in alginate on day one post-

transfection and kept in basal medium for 21 days. Chondrocyte–alginate implants (n = 3 per time point and condition) were collected at the

denoted time points. IGF-I and FGF-2 protein secretion levels were assessed by specific ELISAs. Data are expressed as mean ± standard

deviation

n.d not done, N.D not detectable

Table 4 Histological grading of the synovial membrane in vivo

Category lacZ
implants

IGF-I/FGF-2

implants

P value

Villus thickening 0.8 ± 0.7 0.8 ± 0.6 n.s.

Villus architecture 0.7 ± 0.5 0.5 ± 0.6 n.s.

Inflammatory cell infiltrate 0.2 ± 0.6 0.0 ± 0.0 n.s.

Average total score 1.7 ± 1.4 1.3 ± 1.0 n.s.

The synovial membrane (Fig. 1) was evaluated for signs of inflam-

mation and adverse reactions to the implants using an established

grading system [8] on HE-stained sections. Average individual and

total scores were compared between the IGF-I/FGF-2 and lacZ group.

Data are expressed as mean ± standard deviation
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reconstitution of the subchondral bone in both experi-

mental groups.

Evaluation of degenerative changes within the adjacent

articular cartilage

There were significantly less degenerative changes in the

cartilage adjacent to defects receiving IGF-I/FGF-2

implants (mean 1.4 ± 0.7) compared with defects receiv-

ing lacZ implants (1.9 ± 0.7; P \ 0.01) (Table 6; Fig. 4).

Histological evaluation and grading of articular

cartilage repair in vivo

To evaluate the fate of the alginate spheres implants, the

area occupied by them (excluding any ingrown tissue) was

measured. No significant difference between the groups

(lacZ implants: 1.41 ± 0.51 mm2; IGF-I/FGF-2 implants:

1.1 ± 0.51 mm2) was seen. Articular cartilage repair was

next evaluated by two investigators using a previously

published histological grading system for articular cartilage

defects [32] (Table 2). Correlation coefficients (Spear-

man’s q) for inter-observer variability always exceeded

0.9. Combined gene transfer of IGF-I/FGF-2 (n = 7 joints)

significantly improved the average individual scores of

defect filling (2.6-fold), integration (1.2-fold), matrix

staining (1.9-fold), cellular morphology (1.5-fold), archi-

tecture of defect (1.4-fold) and surface (1.3-fold), and

subchondral bone formation (1.3-fold) compared with the

lacZ implants (each P \ 0.01) (Table 7). The average total

score after 3 weeks in vivo was significantly (1.4-fold)

improved for defects receiving the IGF-I/FGF-2 implants

compared with those receiving lacZ implants (P \ 0.01)

(Table 7; Fig. 5).

Proteoglycan contents of the repair tissue in vivo

Defects treated with IGF-I/FGF-2 implants contained

2.1-fold more proteoglycans compared with lacZ-treated

defects (6.3 ± 2.4 vs. 3.0 ± 1.3 lg/mg dry weight,

respectively; n = 7; P = 0.02) (Fig. 6). A statistical anal-

ysis revealed a correlation between the average total his-

tological score and the proteoglycan contents of the repair

tissue (Spearman’s q = -0.6, P = 0.02), suggesting that

an improved overall histological aspect of the repair tissue

is associated with a higher individual proteoglycan content.

Discussion

The most important findings of the present study were the

enhanced cartilage repair by combined gene transfer of

IGF-I/FGF-2 in vivo, the good correlation between histo-

logical and biochemical parameters of the repair tissue, and

the absence of degenerative changes within the neigh-

bouring articular cartilage.

Both IGF-I and FGF-2 are known to enhance cartilage

repair following single overexpression [15, 22] or appli-

cation as recombinant proteins [35]. The present study is a

direct continuation of previous investigations applying

IGF-I or FGF-2 as single genes [15, 22] or when trans-

planting alginate spheres based on NIH 3T3 fibroblasts co-

overexpressing either IGF-I/FGF-2 or IGF-I alone [23].

Interestingly, when NIH 3T3 fibroblasts were selected as a

more easily accessible cell source, transplantation of co-

transfected IGF-I/FGF-2 implants improved articular car-

tilage repair after 3 weeks in vivo in a magnitude that was

larger than with IGF-I alone or when compared with lacZ

implants [23]. In the present study, transplantation of

chondrocytes overexpressing IGF-I/FGF-2 significantly

improved articular cartilage repair for all individual cate-

gories of the applied histological grading system (except

for tidemark formation) including the subchondral bone as

well as the resulting average total score, in good agreement

with previous data [15, 22]. However, a synergistic effect

of the combined IGF-I/FGF-2 gene transfer versus appli-

cation of IGF-I [22] or FGF-2 [15] alone is not displayed

by the average cartilage repair score in vivo. The previ-

ously published studies on single overexpression [15, 22]

were used as historical controls rather than including 14

additional animals for single overexpression of IGF-I and

Table 5 Analysis of type-I and type-II collagen immunoreactivity in

the repair tissue in vivo

Animal number Type-I collagen Type-II collagen

lacZ IGF-I/FGF-2 lacZ IGF-I/FGF-2

1 2.0 1.5 1.0 1.0

2 2.5 2.0 2.0 1.5

3 4.0 1.5 2.0 1.0

4 3.5 2.5 2.0 2.0

5 3.5 1.5 1.5 3.0

6 3.5 3.5 1.0 2.0

7 3.5 1.5 1.0 1.0

Range 2–4 1–4 1–2 1–3

Mean 3.2 ± 0.8 2.0 ± 0.9 1.5 ± 0.5 1.6 ± 0.7

P value \0.001 n.s.

Type-I collagen immunoreactivity in the repair tissue of the defects

(n = 2–3 sections per condition and collagen type) was compared

with that of the subchondral bone adjacent to the normal cartilage,

used as a positive internal control. For detection of type-II collagen

immunoreactivity, the normal articular cartilage adjacent to the defect

served as a positive control. Immunoreactivity was scored as follows—

0: no immunoreactivity; 1: significantly weaker immunoreactivity; 2:

moderately weaker immunoreactivity; 3: similar immunoreactivity; 4:

stronger immunoreactivity compared with controls. Data are given as

mean ± standard deviation
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FGF-2 (n = 7 each) in the present study, because the

cartilage repair score of the negative controls (the contra-

lateral knees) always had similar values [15, 22]. Factors of

the experimental set-up that remained constant between

these and the present study, including the *30% trans-

fection efficiencies [15, 19, 22, 23], the gene vectors, the

Fig. 2 Representative analysis

of lacZ expression in alginate

implants after 3 weeks in vivo.

Transgene expression was

detected by

immunohistochemistry using a

mouse anti-b-gal antibody

(1:45) and a biotinylated

secondary antibody in the cells

of lacZ (a) and IGF-I/FGF-2

implants (b). Original

magnification 9200, scale bars
0.1 mm

Fig. 3 Visualisation of the

collagen network within the

repair tissue using polarised

light microscopy on HE-stained

histological sections following

transplantation of lacZ
(a, c) and IGF-I/FGF-2

(b, d) implants. Birefringence

caused by collagen fibrils within

the subchondral bone

(presumably mainly type-I

collagen) is depicted in golden
yellow, while birefringent

collagen fibrils in the

cartilaginous tissue (mainly

located in the adjacent normal

cartilage) are depicted in white.

The subchondral bone was well

reconstituted without regard to

the treatment group, as

displayed by high birefringence,

while type-II collagen network

was barely detectable after

3 weeks in vivo and orientated

parallel to the surface. Images

(c) and (d) are magnified views

of (a) and (b), respectively.

Original magnifications 940 (a,

b) and 9100 (c, d). Scale bars
1.0 mm (a, b) and 0.4 mm (c, d)

2126 Knee Surg Sports Traumatol Arthrosc (2011) 19:2119–2130

123



animal source, their age and the osteochondral defect

model, control group and identical histological evaluation

after the same observation period of 3 weeks. Taking in

account that transfection efficiency may vary between

individual transfections, chondrocytes were co-transfected

with IGF-I and FGF-2, rather than applying a pool of

chondrocytes individually transfected with either IGF-I or

FGF-2 as a mean to ascertain the presence of both genes

within the transplanted cells. Since articular chondrocytes

from juvenile animals were used, it remains to be seen

whether transplanted adult lapine chondrocytes will yield

similar results.

IGF-I and FGF-2 secretion of the implants was elevated

for at least 7 days in vitro, shorter than the reported 21-day

period with NIH 3T3 fibroblasts for a combined IGF-I/

FGF-2 overexpression [23], the 28-day period noted with

Table 6 Histological grading of the cartilage adjacent to the repair

tissue in vivo

Animal number Adjacent cartilage

lacZ IGF-I/FGF-2

1 0.6 ± 0.6 1.4 ± 0.5

2 1.4 ± 0.6 2.0 ± 0.7

3 1.8 ± 0.8 2.0 ± 0.7

4 1.6 ± 0.6 1.6 ± 0.6

5 1.6 ± 0.6 2.4 ± 0.6

6 2.0 ± 0.7 2.2 ± 0.8

7 0.8 ± 0.5 1.4 ± 0.6

Range 0–3 1–3

Mean 1.4 ± 0.7 1.9 ± 0.7

P value \0.01

Degenerative changes in the cartilaginous tissue adjacent to the

defects were evaluated based on the grading scale implemented in the

scoring system first described by O’Driscoll et al. [28] (modified by

Solchaga et al. [34]). Degeneration was scored as follows— 0: severe

hypocellularity and poor or no staining; 1: mild or moderate hypo-

cellularity and slight staining; 2: normal cellularity, mild clusters and

moderate staining; 3: normal cellularity, no clusters and normal

staining. Data are given as mean ± standard deviation

Fig. 4 Degenerative changes in

the adjacent articular cartilage

tissue were evaluated using a

grading system [28] that

includes single parameters of

cellularity, staining intensity

and cluster formation. The

neighbouring cartilage

demonstrated significantly

decreased degeneration

following IGF-I/FGF-2

treatment (a, c) when compared

with lacZ implants (b, d).

Original magnifications 940

(a, b) and 9100 (c, d).

Scale bars 0.8 mm (a, b) and

0.3 mm (c, d)

Table 7 Histological grading of the repair tissue in vivo

Category lacZ
Mean (95% CI)

IGF-I/FGF-2

Mean (95% CI)

P value

Filling of defect 1.3 (1.1–1.5) 0.5 (0.3–0.7) \0.001

Integration 2.1 (2.0–2.3) 1.7 (1.6–1.9) \0.001

Matrix staining 3.7 (3.4–3.9) 1.9 (1.7–2.1) \0.001

Cell morphology 4.2 (4.0–4.4) 2.8 (2.6–3.0) \0.001

Architecture (defect) 1.7 (1.5–1.8) 1.2 (1.1–1.4) \0.01

Architecture (surface) 1.4 (1.3–1.6) 1.1 (0.9–1.2) \0.01

Subchondral bone 3.5 (3.4–3.7) 2.8 (2.6–3.0) \0.001

Tidemark 4.0 (4.0–4.0) 4.0 (4.0–4.0) n.s.

Average total score 21.9 (21.3–22.5) 16.0 (15.4–16.5) \0.001

Effects of combined IGF-I/FGF-2 gene transfer on histological

grading of the repair tissue at 3 weeks in vivo. Each category and

total score is based on the average of two blinded independent

evaluators. Points for each category and total scores were compared

between the IGF-I/FGF-2 and lacZ groups using a mixed general

linear model with repeated measures (knees nested within the same

animals). Means indicate the estimated scores in points for each

category. Highly significant treatment effects were observed for each

of the variables except for tidemark formation
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articular chondrocytes for single FGF-2 overexpression

[15] and the 36-day period for single IGF-I overexpression

[22]. However, the recombinant lacZ protein was detected

within lacZ implants at 3 weeks in vivo. Chondrocytes in

the IGF-I/FGF-2 implants employed here secreted a max-

imum of 273.7 pg IGF-I/implant/24 h and of 69.9 pg FGF-

2/implant/24 h, compared with 631.8 pg IGF-I/implant/

24 h and 210.7 pg FGF-2/implant/24 h in chondrocytes

reported previously [15, 22]. NIH 3T3 fibroblasts initially

secreted 2,186.7 pg IGF-I/implant/24 h and 276.0 pg FGF-

2/implant/24 h [23]. This suggests that duration and levels

of transgene expression affect cartilage repair. Interest-

ingly, a low dose of 1 ng/ml FGF-2 stimulated IGF-I-

mediated articular chondrocyte proliferation in vitro,

whereas higher doses (50, 100 ng FGF-2/ml) inhibit the

anabolic activity of IGF-I [18].

The proteoglycan content of the repair tissue was sig-

nificantly elevated in the IGF-I/FGF-2 group and correlated

significantly with the histological data, supporting the

validity of the applied histological grading system. As IGF-

I (rather than FGF-2) is known to enhance the production

of extracellular matrix components such as type-II colla-

gen, proteoglycan and aggrecan [36], this finding is in good

agreement with previous data [9, 12, 22].

Early osteoarthritic changes within the cartilage adja-

cent to the defect were significantly reduced following

combined gene transfer of IGF-I/FGF-2. Although the

influence of growth factor overexpression approaches on

the development and progression of osteoarthritis is not yet

clarified [10], this finding is consistent with previous

studies demonstrating the beneficial effect of IGF-I to

maintain the cartilage structure [30] and of FGF-2 to delay

cartilage degradation in osteoarthritis [3]. Whether this

protective effect on of the neighbouring cartilage is the

Fig. 5 Stimulation of articular cartilage repair in osteochondral

defects 3 weeks after transplantation of genetically modified chon-

drocytes in vivo. Histological appearance of osteochondral defects

following treatment with lacZ (a, c, e, g, i, l) or IGF-I/FGF-2 implants

(b, d, f, h, k, m) stained with safranin O (a–d), haematoxylin and

eosin (HE) (e–h), a monoclonal mouse anti-human type-I collagen

IgG (i, k) or a monoclonal mouse anti-human type-II collagen IgG

(l, m). Panels (c, d) and (g, h) are magnified views of (a, b) and (e, f),
respectively. Safranin O staining is increased in defects receiving an

IGF-I/FGF-2 implant (b, d) compared with defects receiving lacZ
implants (a, c). Cells in the repair tissue of the IGF-I/FGF-2 defects

were round, had round nuclei and were oriented in a columnar fashion

(d, h). Immunoreactivity to type-I collagen was increased in the repair

tissue of defects receiving lacZ implants (i), whereas immunoreac-

tivity to type-II collagen was elevated in defects receiving IGF-I/

FGF-2 implants (m). Sections were taken from defects having a

histological rating equal to the mean score for its respective treatment

group. Photomicrographs were obtained using standardised photo-

graphic parameters, including light intensity. Original magnifications

920 (a, b, e, f), 940 (i–m) or 9100 (c, d, g, h). Scale bars 2.0 mm

(a, b, e, f), 0.6 mm (i–m) and 0.6 mm (c, d, g, h)

c
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result of paracrine effects of IGF-I and/or FGF-2 or can be

explained by the better mechanical support of the improved

repair tissue remains to be elucidated.

Limitations of this study include the uncertainty

regarding the fate of the transplanted cells as well as the

origin of those re-populating the defects. Additional mea-

sures to further improve cartilage repair—e.g. other com-

binations of therapeutic factors or novel gene transfer

systems allowing for a longer duration of transgene

expression—will have to be determined. Future research

may also need to focus on long-term evaluations of the

repair tissue in this model and to be performed in a larger

animal model of articular cartilage repair.

Taken together, these findings support the concept of

implementing gene transfer strategies for articular cartilage

repair in a clinical setting.

Conclusion

The most important findings of the present study are the

enhanced cartilage repair by combined ex vivo gene

delivery of IGF-I/FGF-2 via alginate-embedded and

transplanted articular chondrocytes, the good correlation

between histological and biochemical parameters of carti-

lage repair and the protection of the neighbouring cartilage

from early osteoarthritic changes.
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