Conditioned medium from stimulated mononuclear
leucocytes potentiates the ability of human
neutrophils to damage human articular cartilage
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SUMMARY Human neutrophils were able to degrade proteoglycan and inhibit its synthesis when
incubated with human articular cartilage coated with heat aggregated immunoglobulin G. These
effects were potentiated when culture medium conditioned by mononuclear leucocytes
stimulated with killed Staphylococcus aureus was also present during the incubations.
Neutrophils preincubated with this conditioned medium and washed before incubation with
cartilage also showed an increased ability to degrade proteoglycan and inhibit its synthesis. The
percentage of neutrophils binding to cartilage was significantly increased in the presence of this
conditioned medium.
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In rheumatoid arthritis a progressive destruction of
cartilage occurs which has been attributed traditionally to enzymatic degradation' and more recently to
a decreased ability of the tissue to synthesise its
matrix components.2-4 During the acute phase of
both the human disease and in animal models and
during acute exacerbations of the disease vastly
increased numbers of inflammatory cells, mostly
neutro hils, are seen in the joint and synovial
tissue.6 It has also been shown that neutrophils
invade cartilage in chronically inflamed joints,
especially at the cartilage-pannus border.7 8 These
neutrophils have been implicated in the degradation
and impaired metabolism of cartilage through their
release of lysosomal enzymes, particularly elastase, 13 and oxygen metabolites.14-17
The rheumatoid joint is characterised by proliferation of synoviocytes and accumulation of neutrophils, macrophages, plasma cells, and T and B
lymphocytes. These cells produce a family of monoAccepted for publication 15 June 1987.
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kines and lymphokines (cytokines), of which a
number, including interleukin 1,18 interleukin 2,19
interferons,20 21 B cell colony stimulating factor,22
and macrophage migration inhibitory factor,23 have
been identified in the synovial fluid of patients with
rheumatoid arthritis. Neutrophil functioii relevant
to tissue damage can be modified by a number of
cytokines,243' and it is likely that this contributes to
neutrophil mediated damage of cartilage in rheumatoid arthritis.
The objective of this study was to investigate
whether neutrophils treated with cytokine-rich conditioned medium show an increased ability to
damage cartilage in culture. For these experiments
cells and tissue of human origin were used.

Materials and methods
PREPARATION AND CULTURE OF ARTICULAR
CARTILAGE

Articular cartilage slices (4-10 g) were removed at
necropsy (within 24 hours of death) from the nonarthritic knees of adult humans (aged 18-50 years),
cut into 2-3 mm square pieces, and cultured in 60 ml
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culture medium for three to five days before use.
Culture medium was replaced daily and consisted of
Dulbecco's modified Eagle's medium (Flow Laboratories, Sydney, Australia) containing 5% heat inactivated (56°C/30 min) human AB serum (Flow
Laboratories, Sydney, Australia). Cultures were
maintained at 37°C in an atmosphere of 5% CO2
and high humidity.
PREPARATION OF LEUCOCYTES

Mononuclear leucocytes (MNL) and neutrophils
were prepared from blood of healthy volunteers by a
rapid single step procedure.32 33 Heparinised blood
(6 ml) was layered onto Ficoll-Hypaque (4 ml;
density 1.114) and centrifuged at 400 gav for 30-40
min at room temperature. The leucocytes resolved
into two distinct bands. Each band was washed three
times. The upper band containing MNL was washed
in medium 199 (Flow Laboratories, Sydney, Australia), and the lower band containing neutrophils
was washed in Hanks's balanced salt solution without phenol red (HBSS). Neutrophils were finally
resuspended at a concentration of 4x 107 cells/ml
HBSS. Preparations of neutrophils were 98-99%
pure and >99% viable as judged by the ability to
exclude trypan blue. Neutrophils were kept at room
temperature and used within 30 min of preparation.
PREPARATION OF MEDIA CONDITIONED BY
MNL

Media conditioned b4 MNL were prepared as
described previously.:Z MNL were cultured in
RPMI 1640 medium (Flow Laboratories, Sydney,
Australia) containing 2-5% heat inactivated AB
serum for 72 hours at 37°C with heat killed, formalin
fixed Staphylococcus aureus.
Filtered medium conditioned by S aureus treated
MNL was termed 'stimulated conditioned medium'
(sCM), medium cultured in the absence of MNL or
bacteria was referred to as 'non-conditioned
medium' (NCM), and medium cultured with bacteria but without MNL was termed BCM.
TREATMENT OF CARTILAGE WITH
NEUTROPHILS

On the day of experiment cartilage was coated with
heat aggregated human immunoglobulin G
(HAGG). This was prepared by heating human
immunoglobin G (CSL Laboratories, Melbourne,
Australia) at 63°C for one hour at a concentration of
20 mg/ml in phosphate buffered saline, pH 7-2. The
cartilage was incubated with HAGG at 5 mg/100 mg
tissue for one hour at 37°C in the presence of an
equal volume of culture medium. The tissue was
washed three times with HBSS, and 50-150 mg wet
weight of tissue was distributed into sterile poly-
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styrene centrifuge tubes (Bunzl, South Australia)

containing 1 ml HBSS.
Cartilage was then incubated for 2-5 hours at 37°C

in a total volume of 2 ml HBSS. These incubations
contained either neutrophils that had been preincubated with conditioned media -(sCM, NCM, or
BCM) or untreated neutrophils and conditioned
media (sCM or NCM) added together to the tissue.
For preincubation of neutrophils, one part neutrophils (at 4x 107 cells/ml HBSS) was incubated with
three parts conditioned medium (diluted 1:2 with
HBSS) for one hour. After centrifugation (5 min,
400 gav) the cells were counted and resuspended at
5x 106/ml HBSS and 1 ml added to the cartilage.
Incubations without neutrophils contained 1 ml
HBSS instead of cells.
Incubations of cartilage with untreated neutrophils contained 0-25 ml cells (7x 106 cells) and 0-75
ml conditioned media. Incubations without neutrophils contained 0-25 ml HBSS instead of cells.
After incubation the medium was removed (see
'Proteoglycan degradation') and the tissue washed
with 1 ml of serum free culture medium. The tissue
was either used to measure day 0 proteoglycan
degradation or synthesis or cultured with 4 ml
culture medium for a further two days, the medium
being replaced daily. Proteoglycan degradation or
synthesis was measured on both of these days.
PROTEOGLYCAN SYNTHESIS

Proteoglycan synthesis was measured by tte incorporation of sodium [35S]sulphate (Radiochemical
Centre, Amersham, UK) into glycosaminoglycan
chains. Cartilage was incubated with 2 ml culture
medium supplemented with [35S]sulphate (1 11
MBq/incubation, final specific activity 0 74 MBq/

Rmol) for two hours. The 35S labelled glycosaminoglycans in the tissue were extracted with 2 ml 0-5 M
NaOH for 48 hours at room temperature and
0-25 ml aliquots applied to Sephadex G-25 PD-10
columns (Pharmacia AB, Uppsala, Sweden) and the
eluent counted for radioactivity.14
PROTEOGLYCAN DEGRADATION

Proteoglycan degradation was measured by determining the release of [35S]sulphate labelled proteoglycan from cartilage. Cartilage was labelled for 20
hours with sodium [35Slsulphate (3.7 MBq/g tissue)
at a concentration of 1-11 MBq/ml culture medium
(final specific activity 1-48 MBq/gmol) before use in
experiments. The tissue was washed extensively
with serum free culture medium to remove excess
label before incubation with HAGG as described
above.
After incubation of cartilage with neutrophils the
washed tissue was extracted with 2 ml 0-5 M NaOlH

3

for 48 hours. Cartilage incubation media were
centrifuged to remove neutrophils, and 250 ,ul
aliquots were applied to Sephadex G-25 PD-10
columns and the eluent counted for radioactivity.
NaOH extracts were similarly eluted and counted.
Proteoglycan release during cartilage incubation
with neutrophils (day 0) was calculated from these
counts. For calculation of day 1 release the subsequent 24 hour culture media and corresponding
NaOH extracts of tissue were analysed on Sephadex
G-25. Similar analyses were performed for day 2
release.

once with HBSS, and resuspended at 4x 107 cells/ml
HBSS. The cells (1 X 107) were incubated for 2-5
hours with HAGG coated cartilage in the presence
of NCM or sCM as described above.
After incubation the cartilage was washed with
serum free culture medium and extracted with 2 ml
05 M NaOH for 48 hours. A sample of neutrophils
was centrifuged and the pellet extracted with 2 ml
0.5 M NaOH. These extracts were counted in a
gammacounter.

BINDING OF NEUTROPHILS TO CARTILAGE

The results presented are from one or more experiments. Each experiment was repeated three times
with different batches of cartilage and neutrophils.
The large variation in both cartilage metabolism and
its response to neutrophil treatment precluded
combining the data from all three experiments. The

EXPRESSION OF RESULTS AND STATISTICAL
ANALYSIS

Neutrophils were labelled with 51Cr by incubating
1 x 107 cells with 7*4 MBq of sodium [51Cr]chromate
(16-7 GBq/mg Cr; Radiochemical Centre, Amersham, UK) at 37°C for one hour. The cells were then
washed five times with serum free culture medium,
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Fig. 1 Proteoglycan degradation
during treatment ofcartilage with
neutrophils in the presence of 'nonconditioned medium' (NCM) or
'stimulated conditioned medium'
(sCM). Open and striped bars
indicate incubations ofcartilage in
the absence and presence of
neutrophils respectively. A and B
represent results from separate
experiments. Values are expressed
as mean (SEM) except where n=2
(mean ±range of values). 'a' and
'b' indicate p<0-02;0-01 for the
effect of neutrophils in the presence
of NCM, 'c' indicates p<0 01 for
the effect ofneutrophils in the
presence ofsCM, and 'd' indicates
p<0-02 for the effect of neutrophils
plus sCM compared with
neutrophils plus NCM.
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responses observed were always present, however,
and two typical experiments are generally presented
to illustrate the large variation between experiments. Statistical significance was analysed by the
two tailed t test for unpaired data.
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proteoglycan (Fig. 1). A neutrophil stimulation of
degradation in the presence of NCM or sCM was not
consistently seen on day 1 or day 2 (Fig. 1).
When proteoglycan synthesis was measured neu-

Results

trophils did not alter synthesis on day 0 in the
presence of NCM or sCM (Fig. 2). In one individual
by day 1, however, incubation with neutrophils in

Preliminary experiments showed that neutrophils
were unable to cause proteoglycan degradation when
incubated with cartilage that had not been coated
with HAGG (percentage release 35S labelled proteoglycan on day 0 was 3-3 (0-5) and 3-3 (0.4), mean
(SEM) for six cultures in the absence and presence
of neutrophils). When neutrophils were incubated
with cartilage coated with HAGG, however, an
increased degradation of proteoglycan always
resulted on day 0 (Fig. 1). Proteoglycan degradation
was further increased by 60-75% if sCM was also
present during these incubations. The sCM itself, in
the absence of cells, did not cause degradation of

the presence of NCM caused a 65% inhibition of
proteoglycan synthesis (Fig. 2B). By day 2, incubation with neutrophils in the presence of NCM caused
a 45-83% inhibition of proteoglycan synthesis.
When sCM was present a 55-60% inhibition of
synthesis was seen on day 2 (Fig. 2). Under these
conditions the sCM itself, in the absence of cells,
caused an 84-87% inhibition of proteoglycan synthesis. This inhibition by the sCM was already
apparent by day 1 (Fig. 2).
Further experiments were performed with neutrophils which had been preincubated with conditioned
media and washed before incubation with cartilage.
The results presented in Fig. 3 show that neutrophils
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Fig. 2 Proteoglycan synthesis
after treatment of cartilage with
neutrophils in the presence of
NCM or sCM. Open and striped
bars indicate incubations of
cartilage in the absence and
presence ofneutrophils
respectively. A and B represent
results from separate experiments.
Values are expressed as
mean±range of values for
duplicate cultures.

The results seen with sCM stimulated neutrophils
could have been due to a bacterial contaminant in
the sCM. Medium (BCM) generated by incubating S
aureus in the absence of MNL was therefore
compared with NCM and sCM for its effect on
neutrophil mediated cartilage damage. Neutrophils
preincubated with BCM gave an identical inhibition
of proteoglycan synthesis to that by neutrophils
preincubated with NCM (Fig. 4B). Neutrophils
preincubated with NCM or BCM also caused similar
levels of proteoglycan degradation (Fig. 5), thus
demonstrating that a bacterial contaminant was not

preincubated with sCM caused almost four- to
fivefold more degradation on day 0 than cells
preincubated with NCM. This potentiation of degradation by neutrophils treated with sCM was reduced
by day 1 and day 2 (Fig. 3). A neutrophil stimulation
of degradation by neutrophils treated with NCM
was not apparent after day 0 (Fig. 3).
The results presented in Fig. 4 show that neutrophils preincubated with NCM could inhibit synthesis
by day 1 and day 2. On day 1 (Fig. 4B) and day 2
(Figs 4A and 4B) this inhibition was considerably
increased by preincubating neutrophils with sCM.
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Fig. 3 Effect of neutrophils
preincubated with NCM or sCM
on proteoglycan degradation.
Open bars indicate incubations
without neutrophils. Hatched and
closed bars indicate incubations
with neutrophils preincubated with
NCM or sCM respectively. A and
B represent results from separate
experiments. Values are expressed
as mean (SEM) except where n=2
(mean±range of values). Numbers
in parentheses indicate the number
of cultures. 'a' indicates p<0-01 for
the effect ofneutrophils
preincubated with NCM, 'b' and 'c'
indicate p<0-01 and p<0-02
respectively for the effect of
neutrophils plus sCM compared
with neutrophils plus NCM.
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sCM on proteoglycan synthesis.
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without neutrophils. Hatched and
closed bars indicate incubations
with neutrophils preincubated with
NCMIBCM or sCM respectively.
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Values are

expressed as mean (SEM) except
where n =2 (mean ±range of
values). Numbers in parentheses
indicate the numbers of cultures.
Throughout experiment B
duplicate cultures were used.

42ri6-

responsible for the effect of sCM on neutrophil
mediated cartilage damage.
Using 5tCr labelled neutrophils it was found that
about 8% of the neutrophils adhered to cartilage in
the presence of NCM (Table 1). This percentage
was significantly increased in the presence of sCM
(Table 1). When the data from three experiments
were combined the percentage of neutrophils bound
was increased from 9-8 (1.7) to 18-0 (3 9) (mean

Table I Binding of neutrophils to cartilage
Additiont

% Nettrophils bolund

NCM
sCM

7.8 (1 8)
25-0 (1I2)-)

5'Cr labelled neutrophils were incubated with cartilage in the
presence of NCM or sCM. Results arc calculated by cxprcssing the
5'Cr bound to the cartilage as a pcrcentagc of that added to the
incubations as 5'Cr labelled neutrophils. Results arc expressed as
mcan (SEM) of four cultures.
*p<O-(X)l for the binding of neutrophils in the prcsencc of sCM
compared with NCM.

(SEM)) for neutrophils incubated in the presence of
NCM and sCM respectively.
Discussion

Extensive loss of proteoglycan has been described in
cartilage biopsy specimens taken from rheumatoid
arthritic patients as early as 18 days after onset of
symptoms.34 This may occur either by an accelerated breakdown of proteoglycan or by an inhibition
of its renewal through loss by normal turnover.
Inflammatory cells such as neutrophils and macrophages are believed to have an important role in
these events. In vitro, neutrophils attach in large
numbers to rheumatoid articular cartilage compared
with normal cartilage.35 The neutrophils invade the
tissue and phagocytose amorphous material probably containing immune complexes.35 Our results
indicate that human neutrophils are capable of
causing damage to human cartilage in culture. This
damage involved both enhanced proteoglycan
degradation and impaired proteoglycan synthesis.
Damage was only seen if the cartilage was coated
with HAGG. The use of cartilage coated with
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Fig. 5 Proteoglycan degradation during treatmoent of
cartilage with neutrophils preincubated with NC]MIBCM or
sCM. Open bars indicate incubations without ne utrophlIs.
Hatched and closed bars indicate incubations wil
neutrophils preincubated with NCMIBCM or sCth
'M
respectively. Values are expressed as mean (SEA
Numbers in parentheses indicate the number of c uitures. 'a'
indicates p<0-01 for the effect of neutrophils preincubated
with NCM, 'b' indicates p<OO1 for the effect of ineutrophils
plus sCM compared with neutrophils plus NCM.

HAGG was designed to mimic the in viv(o situation
where immune complexes are found in c(ollagenous
joint tissues of naturally occurring and exi perimental
arthritis.36 37 There is in vitro evidence that both
HAGG and immune complexes activate n eutrophils
directly,38 and cartilage coated with H AGG has
been successfully used to assess the effects of
clinically useful drugs on enzyme release by human
neutrophils in relation to the degradatiorn of rabbit
cartilage. 12
Neutrophil mediated cartilage dannage was
enhanced by sCM. This is consistent with our
previous findings that sCM potentiates neutrophil
damage of large non-phagocytosable orgal nisms such
as free-living amoebae. 29 1 39 The abiliity of sCM
to potentiate the effects of neutrophils on (cartilage is
relevant in vivo in rheumatoid arthritis . Synovial
fluid from inflamed joints contains cyto 1kines,1823
which are likely to be present in the sCM uised in our
experiments. Preliminary results have slhown that
sCM contains interleukin 1 and colony s timulating
factor activities (unpublished results). Re-cently we

7

have shown that a neutrophil stimulatory activity is
present, which is unlikely to be one of the previously
described cytokines.30
The impaired synthesis and increased degradation
of cartilage seen after neutrophil treatment could
result from a number of neutrophil functions. The
ability of neutrophils to release granule enzymes
capable of tissue damage is well documented.'- 40-42
In vivo cartilage is bathed in synovial fluid containing antiproteinases capable of inactivating proteinases released from neutrophils.43 When large
substances such as entrapped immune complexes in
cartilage are phagocytosed, however, neutrophils
show 'frustrated phagocytosis',40 during which the
close contact between neutrophil and cartilage
excludes synovial fluid from this microenvironment.
Thus degradation of cartilage in vivo by neutrophils
is certainly feasible and it is of interest that
neutrophils have been shown to cause proteolysis of
a fibronectin substrate bound onto microtitre plates
even in the presence of inhibitors.42 In addition,
neutrophil elastase has been found in the superficial
layer of proteoglycan depleted, pannus free rheumatoid articular cartilage,9 whereas no elastase
activity could be detected in the synovial fluid from
patients with rheumatoid arthritis.9 Neutrophil
elastase has also been shown to inhibit the synthesis
of proteoglycan by bovine articular cartilage in
culture.13 Thus neutrophil proteinases may be
important both in the degradation and impaired
synthesis of proteoglycan that we have found.
Inclusion of soybean trypsin inhibitor, known to
inhibit neutrophil serine proteinases,4 45 during
incubation of cartilage with neutrophils did not alter
degradation or impairment of synthesis, thus suggesting that frustrated phagocytosis is operative in
our experimental system (results not shown). The
fact that neutrophils are able to kill cells and
organisms larger than themselves, such as amoebae
and tumour cells,28 29 39 through frustrated phagocytosis adds weight to the idea that such a mechanism is operative in cartilage damage.
Oxygen metabolites released during the neutrophil respiratory burst46 have been shown to cause an
inhibition of proteoglycan synthesis.14 15 Although
these species can cause the breakdown of hyaluronic
acid,16 the? have little effect on the proteoglycan
monomer. Recently there has been one report that
repeated doses of oxygen metabolites can cause
proteoglycan release from cartilage. 17 These authors
also presented evidence that cartilage altered by
prior elastase treatment was more susceptible to
attack by oxygen metabolites,17 and it is likely that
the combined action of a number of neutrophil
functions is responsible for the results we see.
Neutrophil degradation was not mediated through
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activation of chondrocyte function as the same
potentiation of degradation by neutrophils treated
with sCM was seen when cartilage was killed by
freezing (in liquid nitrogen) and thawing three times
(results not shown).
The ability of the sCM to potentiate neutrophil
damage to cartilage may result from a stimulation of
neutrophil granule enzyme or oxygen metabolite
release, or both. The neutrophil stimulatory activity
we have shown to be present in the sCM30 caused a
stimulation of both granule enzyme release and the
respiratory burst and an inhibition of neutrophil
locomotion. In the present experiments neutrophil
binding to cartilage was increased by sCM and this
may be important in the ability of sCM to potentiate
neutrophil damage to cartilage.
Our results indicate that the sCM itself was
capable of inhibiting proteoglycan synthesis after
one or more days in culture. This was not unexpected as it is well documented that lymphokines
and monokines are capable of inhibiting proteoglycan synthesis and causing proteoglycan degradation. 53 There was, however, no consistent
effect of sCM alone on degradation over the same
time period.
Although neutrophils have been implicated in the
degradation and impaired metabolism of cartilage in
rheumatoid arthritis,8'7 this is, to our knowledge,
the first report where both increased degradation
and a decreased synthesis of proteoglycan have been
shown using human neutrophils and human cartilage
in culture. The ability of cytokine-rich sCM to
potentiate this damage suggests an important role
for neutrophil mediated damage in rheumatoid
arthritis.
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