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INHIBITION OF INTERLEUKIN- 1-INDUCED COLLAGENASE 
PRODUCTION IN HUMAN ARTICULAR CHONDROCYTES IN VITRO 
BY RECOMBINANT HUMAN INTERFERON-GAMMA 

H. J. ANDREWS, R. A. D. BUNNING, T. A. PLUMPTON, I. M. CLARK, R. G. G. RUSSELL, and T. E. CAWSTON 

The production of collagenase by human articu- 
lar chondrocytes in response to interleukin-lp is inhib- 
ited in a dose-dependent manner by interferon-? (1- 
1,000 unitdml). The analysis of culture medium samples 
by Western blotting and the measurement of levels of 
tissue inhibitor of metalloproteinases suggest that the 
decrease in measurable collagenase activity is primarily 
due to the inhibition of procollagenase production. 
These results provide evidence of a role for interferon-? 
in limiting connective tissue degradation. 

The cytokine interferon- y (IFN y) was originally 
identified by its antiviral activity, but its major func- 
tion is probably as an immunomodulator (1,2). A 
number of recent studies have shown that IFNy is also 
able to modulate the metabolism of connective tissue 
cells. Thus, it has been shown to enhance or induce 
class I1 major histocompatibility complex antigen 
expression, to inhibit collagen synthesis by synovial 
fibroblasts and chondrocytes (3-6), and to inhibit 
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cytokine-stimulated bone resorption in organ cultures 
of mouse calvaria (7). These activities suggest that 
IFNy may play an important role in modulating the 
turnover of articular tissue in inflammatory conditions. 

We have recently shown that recombinant hu- 
man IFNy is able to inhibit interleukin-1 (IL-1)- and 
tumor necrosis factor (TNF)-stimulated cartilage pro- 
teoglycan degradation in vitro and to inhibit IL- 1- and 
TNF-stimulated production of stromelysin (matrix 
metalloproteinase 111) by human articular chondro- 
cytes in monolayer culture (8,9). Since collagen is a 
major component of the cartilage matrix, we investi- 
gated whether IFNy is also able to inhibit the produc- 
tion of collagenase (matrix metalloproteinase I) by 
chondrocytes and, in particular, whether it is able to 
prevent the production of high levels of collagenase in 
response to IL-1. In addition, we investigated whether 
the observed decreases in measurable metalloprotein- 
ase activity are due to decreased production of the 
enzyme or whether they could be accounted for by 
increased production of inhibitors such as tissue inhib- 
itor of metalloproteinases (TIMP). 

MATERIALS AND METHODS 

Cytokines. Recombinant human IFNy (2 x lo7 
units/mg) was a generous gift from Boehringer- 
Ingelheim (Vienna, Austria) and was >99% pure and 
endotoxin free. Recombinant human IL-I a and recom- 
binant human IL-1p (1-2 x lo8 units/mg) were gener- 
ous gifts from Glaxo Laboratories Ltd. (Greenford, 
Middlesex, UK). 

Chondrocyte culture. Slices of macroscopically 
normal human articular cartilage were taken from the 
femoral and tibia1 condyles of knee joints obtained 

Arthritis and Rheumatism, Vol. 33, No. 11 (November 1990) 



1734 

a - - 
E 

BRIEF REPORTS 

*** . 
3 1.5 

O l F N  
v 

2. 

> 
L 

1 u/mllFN ._ 
._ - 2 1.0 H i o u i m i i ~ ~  

a 1000 u/mi IFN 
u) 
m 

0) ra 
0 0 

5 0.5 
- - 

0.0 
0 1 1 0  

IL-1 (u/ml) 

b 

= 
E . 7 

m - - 
OlFN 

- 
~ 0.2 - 

1 uiml IFN 

1 0  u m l  IFN 

- 
2 - 
0 m 
a 0 1000 u/ml IFN : 0.1 
c 
a In 

m 
0 

0.0 
0 1 1 0  

IL-1 (ulml)  

Figure 1. Production of a, collagenase and b, stromelysin activity by human chondro- 
cytes treated with recombinant human interferon-y (IFN y). Human articular chondro- 
cytes were incubated for 48 hours with recombinant human IFNy in the presence or 
absence of interleukin-lp (IL-Ip; 1 unitlml or 10 unitslml). The supernatant medium was 
assayed for collagenase activity following activation with trypsin and APMA. and for 
stromelysin activity following activation with APMA, as described in Materials and 
Methods. Results are expressed as the mean and SEM values for 4 replicate wells and are 
representative of 3 similar experiments. * S r  = P < 0.01 and **t = P < 0.001 
compared with control (0 IL-I), by analysis of variance. +++ = P < 0.001 compared 
with 1L-1 ( I  unit/ml or 10 unitslml) alone (0 IFN). by analysis of variance. 

following amputation for lower limb ischemia and, on 
1 occasion, following knee replacement. Cartilage was 
also taken from a femoral condyle following femoral 
neck fracture. Chondrocytes were dispersed by se- 
quential enzyme digestion as previously described 
(10). Monolayer cultures were grown in Eagle’s mini- 
mal essential medium (EMEM) with Earle’s salts 
(Gibco Europe, Paisley, Scotland) containing 100 
unitdm1 of penicillin, 100 pg/ml of streptomycin, 2 mM 
glutamine, and 10% fetal calf serum. Cultures were 
maintained in a humidified atmosphere of 5% CO,, 

95% air at 37°C. On reaching confluence, cells were 
passaged into 24-well plates (Falcon, Becton Dickin- 
son, Cowley, UK) at approximately 5 x lo4 cells/well, 
and maintained as above. Serum-containing medium 
was removed from confluent wells and, after washing, 
replaced with 1 ml of EMEM containing 1 mg/ml of 
bovine serum albumin (fraction V;  Sigma, Poole, UK) 
and test substances. Medium was harvested after 48 
hours of incubation. 

Metalloproteinase assays. Collagenase activity 
was measured with 3H-acetylated collagen in the dif- 
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fuse fibril assay (11). Latent enzyme present in the 
culture medium was activated by preincubation with 
trypsin (10 pglml) for 10 minutes at room temperature, 
followed by the addition of soybean trypsin inhibitor 
(50 pghl). In addition, APMA (Aldrich, Gillingham, 
UK) was included in the assay buffer (final concentra- 
tion 0.67 mM). One unit of collagenase digests 1 pg of 
collagetdminute at 37°C. 

Stromelysin activity was measured with 3H- 
acetylated casein as substrate (12). Latent enzyme was 
activated by the inclusion of APMA (0.8 mM) in the 
assay buffer. One unit of stromelysin digests 1 pg of 
casein/minute at 37°C to peptides soluble in 3% 
(weightlvolume) trichloroacetic acid. We have previ- 
ously shown that the casein-degrading activity pro- 
duced by human articular chondrocytes in culture is 
primarily due to a latent metalloproteinase and there- 
fore probably represents stromelysin (8,9). The metal- 
loproteinases are all secreted by connective tissue 
cells as latent proenzymes that require activation to 
enable their measurement as described above (13,14). 

TIMP assay. TIMP activity was measured in the 
d8use fibril assay by its ability to inhibit the activity of 
a preparation of active collagenase. Latent enzymes in 
the medium were not activated so that they would not 
interfere with measurement of TIMP activity. One unit 
of TIMP inhibits 2 units of collagenase by 50% (13). 

DNA assay. The DNA content of culture wells, 
following incubation with test materials, was deter- 
mined by the method of Kim et al (15). 

Western blotting. Proteins present in culture 
medium samples were separated by sodium dodecyl 
sulfatepolyacrylamide gel electrophoresis ( 16) and 
electroblotted onto nitrocellulose paper. This was then 
incubated with a monospecific rabbit anti-human col- 
lagenase IgG, followed by horseradish peroxidase- 
conjugated pig anti-rabbit IgG antibody (Dako, High 
Wycombe, UK). Color was developed with 4-chloro- 
1-naphthol. Prestained molecular weight markers were 
used (Bio-Rad, Watford, UK). 

Controls included active human collagenase 
from W138 fibroblasts and collagenase-TIMP com- 
plex. Collagenase-TIMP complex was prepared by 
mixing active human collagenase with excess human 
TIMP obtained from W138 fibroblasts. 

Table 1. Results of 2 representative experiments showing tissue 
inhibitor of metalloproteinase (TIMP) activity produced by human 
chondrocytes treated with recombinant human interferon-y (IFNy)* 

TIMP (units/ml) 
IFNy 

(unitdml) Experiment 1 Experiment 2 

0 0.40 2 0.04 1.43 f 0.03 
0. I 0.34 2 0.03 1.45 f 0.06 
1 .O 0.35 2 0.06 1.48 f 0.02 
5 0.36 2 0.03 1.38 * 0.03 
10 0.39 f 0.09 1.36 f 0.04 
50 0.45 f 0.05 1.43 f 0.02 
100 0.45 ? 0.06 1.40 f 0.04 
500 0.58 f 0.05t 1.42 f 0.01 
I ,ooo 0.59 f 0.05t 1.44 * 0.04 

* Results are the mean f SEM values for 4 replicate wells. Human 
articular chondrocytes were incubated for 48 hours with recombi- 
nant human IFNy at the concentrations indicated. The supernatant 
medium was assayed for free TIMP activity as described in Mate- 
rials and Methods. 
t P < 0.01 versus 0 IFNy, by analysis of variance. 

procollagenase produced in response to I unit/ml and 
10 units/ml of recombinant IL-lp were significantly 
inhibited by as little as 1 unit/ml of IFNy and could be 
reduced to basal levels by 1,000 units/ml of IFNy. The 
production of prostromelysin in response to recombi- 
nant IL-lp was inhibited over the same range of 
concentrations of IFNy (Figure lb); this was consis- 
tent with our previous report of the effect of IFNy on 
chondrocytes treated with partially purified IL-1. 
Basal levels of collagenase and stromelysin were also 
decreased by treatment with IFN y, although higher 
doses of IFNy were needed in some experiments, and 
with chondrocyte cultures from 2 of 5 donors, there 
was no significant inhibition of basal levels of procol- 
lagenase. 

IFNy had a varying effect on the levels of free 
TIMP. In 2 of 5 cultures, IFNy alone caused a signif- 
icant increase in TIMP levels, but this was not consis- 
tent, with no stimulation of TIMP being seen in the 
remaining experiments (Table 1). Results were simi- 
larly variable in studies using IFNy in the presence of 
IL-I, with a significant stimulation of TIMP in re- 
sponse to IFNy seen in just 1 of 3 experiments. 

The collagenase produced by the chondrocyte 
cultures was analyzed by Western blotting (Figure 2). 
Culture medium samples that had not been activated 
with trypsin and/or APMA showed no detectable 
active collagenase. All of the collagenase detected had RESULTS 

IFNy (1-1,000 units/ml) caused a dose- an apparent M ,  of -55K, corresponding to procolla- 
dependent inhibition of the IL-1-stimulated produc- genase (Figure 2, lanes 2-5); this was consistent with 
tion of procollagenase (Figure la). The levels of previous reports (14). The active collagenase control 
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Figure 2. Western blotting analysis of collagenase produced by 
chondrocytes treated with interferon-y (IFNy). Lanes 2-5, Culture 
medium (40 pl) from chondrocytes treated with IFNy + interleukin- 
I (IL-1) (lane 2), IL-1 alone (lane 3), IFNy alone (lane 4), or 
untreated (lane 5). Controls included human collagenase-tissue 
inhibitor of metalloproteinases complex (lane 6) and active human 
collagenase (lane 7). Molecular weight markers are shown in lanes 1 
and 8. Complex is detected as free active collagenase (M, -48K). 
Only procollagenase is detectable in the chondrocyte media samples 
(M, -55K). Both the active collagenase and procollagenase are 
detected as doublets, corresponding to glycosylation variants. See 
Materials and Methods for details. 

was detected with an apparent M ,  of -48K (Figure 2, 
lane 7). TIMP binds only to the active form of colla- 
genase, and the collagenase-TIMP complex dissoci- 
ates on sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis, and therefore was also detected as 
free active collagenase (Figure 2, lane 6). The failure to 
detect active collagenase in either the untreated, IL- 
1-treated, or IFNytreated cultures therefore suggests 
that there was not a significant amount of collagenase- 
TIMP complex present in the medium. 

The blots showed an apparent increase in the 
levels of procollagenase antigen in medium from IL- 
1-treated cultures compared with control cultures 
(Figure 2, lanes 3 and S ) ,  and an apparent decrease in 
the levels of procollagenase antigen in medium from 
cultures treated with IL-1 and IFNy compared with 
those treated with IL-1 alone (Figure 2, lanes 2 and 3). 
Equal volumes of medium from treated and control 
cultures were loaded onto the gels. The levels of 
procollagenase detected therefore correspond to that 
produced by equivalent cell numbers, since there was 

no significant difference in cell numbers between 
treated and control cultures, as determined by DNA 
content (Table 2). 

DISCUSSION 

Recombinant human IFN y inhibits the produc- 
tion of procollagenase by human articular chondro- 
cytes treated with IL-1. We have previously reported 
the inhibition of prostromelysin production by IFNy 
(8,9), and these results suggest that the production of 
these 2 metalloproteinases may be coordinately regu- 
lated by IFNy. 

The metalloproteinase levels were measured in 
a bioassay following activation of the latent enzymes. 
However, if free TIMP is present in the culture me- 
dium in addition to the latent enzymes, then a propor- 
tion of the enzymes will bind to TIMP after activation, 
and therefore will not be measurable in the assay. 

It is therefore possible that the decreased levels 
of metalloproteinase activity detectable in the medium 
from chondrocytes treated with IFNy may be due to 
increased production of TIMP in response to IFNy, 
leading to increased enzyme-inhibitor complex forma- 
tion. In order to investigate this possibility, we mea- 
sured the levels of free TIMP in the culture medium, 
prior to trypsin/APMA activation of proenzymes, for 
all the experiments described. IFNy had no consistent 
effect on the levels of free TIMP present in the 
1L-1-treated cultures; there was stimulation of TIMP 
in response to IFNy in only 1 of the 3 experiments (not 
shown), whereas the levels of collagenase and strome- 
lysin activity were consistently and significantly inhib- 
ited by IFNy. The effect of IFNy on the level of TIMP 
activity was equally variable in the absence of IL-1. 

Table 2. Results of a representative experiment showing the DNA 
content of cultures following treatment with interferon-y (INFy) and 
interleukin- 1 (IL- I )* 

Treatment DNA ( d w e l l )  

None 
1 unit/ml IFNy 
10 unitshl IFNy 
1,000 unitdm1 IFN y 
1 unit/ml IL-l 
1 unit/ml IL-l + I unit/ml IFNy 
1 unit/ml IL-1 + 10 unit/ml IFNy 
1 unit/ml 1L-1 + 1,000 unit/ml IFNy 
10 units/ml IL-I 
10 unitdm1 IL-1 + I unit/ml IFNy 
10 units/ml IL-l + 10 unitshl  IFNy 
10 units/ml 1L-1 + 1,000 units/ml lFNy  

0.49 f 0.02 
0.50 f 0.03 
0.49 2 0.02 
0.52 t 0.03 
0.44 t 0.02 
0.52 2 0.05 
0.44 2 0.02 
0.52 f 0.05 
0.48 t 0.01 
0.53 rf: 0.04 
0.50 t 0.05 
0.52 k 0.03 

* Results are the mean 2 SEM values for 4 replicate wells. 
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A stimulation of TIMP production could have 
been masked by enzyme-inhibitor complex formation 
if there were significant levels of activated enzyme 
present in the culture medium prior to trypsin/APMA 
treatment. However, Western blotting of the culture 
medium samples, using antibodies directed against 
collagenase, demonstrated that there was no detect- 
able collagenase-TIMP complex present. Further- 
more, the levels of procollagenase antigen detectable 
by Western blotting appear to be lower in cultures 
treated with IL-I and IFNy, compared with those 
treated with IL-I alone. Together, the results strongly 
suggest that the decreased levels of collagenase activ- 
ity detectable in cultures treated with IFNy are due to 
an inhibition of procollagenase production. 

IFNy had no effect on cell numbers, as deter- 
mined by DNA content of cultures, and we have 
previously shown that IFN y (up to 1,000 units/ml) has 
no effect on chondrocyte viability, nor does it inhibit 
the production of prostaglandin E, by chondrocytes 
treated with IL-1 (8). This suggests that the inhibition 
of metalloproteinase production by IFN y is a specific 
effect and not a toxic effect or general down-regulation 
of the response of chondrocytes to IL-1. 

The production of metalloproteinases in re- 
sponse to IL-1 may play a key role in the degradation 
of articular cartilage in conditions such as rheumatoid 
arthritis. Together, stromelysin and collagenase can 
degrade all the major matrix components of cartilage 
(14,17). IL-I has been shown to stimulate cartilage 
degradation in vitro (18) and in vivo when injected into 
rabbits (19), and synovial fluid levels of IL-1 are 
reported to be high in rheumatoid arthritis (20). 

The ability of IFNy to inhibit the production of 
high levels of both collagenase and stromelysin by 
chondrocytes treated with IL-1 suggests that IFNy 
may have an important role in limiting cartilage matrix 
degradation. The demonstration that IFNy inhibits the 
production of collagenase is particularly important 
since collagenase is the only enzyme produced by 
connective tissue cells that is capable of degrading 
native collagen at neutral pH (21). IFNy has also been 
shown to inhibit bone resorption stimulated by IL-1 in 
mouse calvarial cultures (7), and a recent report sug- 
gests that this could be partially due to the inhibition of 
collagenase production (22). 

In contrast to the high levels of IL-1, little or no 
IFNy has been detected in the synovial fluid of pa- 
tients with rheumatoid arthritis (23,24). Furthermore, 
recent reports have suggested that IFN y production 
may be defective in rheumatoid arthritis patients (25). 

Our results suggest that these patients may lack a 
natural protective mechanism capable of limiting the 
degradation of articular tissues. 
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