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SUMMARY

 

Staphyllococcus aureus

 

-induced infections often result in high mortality and permanent joint destruc-
tion, despite treatment with antibiotics. IL-10 is typically regarded as an anti-inflammatory cytokine
because it promotes a T helper cell type 2 response, and subsequently down-regulates cell mediated
immune functions. To investigate the role of IL-10 in 

 

S. aureus

 

-induced arthritis and sepsis, Balb/c mice,
intact or defective with respect to IL-10 gene were intravenously inoculated with bacteria. IL-10

 

–

 

/

 

–

 

 mice
develop a more frequent and destructive arthritis compared to their congeneic controls. The mecha-
nisms regulating such outcome may  be due not only to the anti-inflammatory properties of IL-10 but
also, directly or indirectly, to antibacterial features of this molecule. Indeed, inoculation of staphylococci
to IL-10

 

–

 

/

 

–

 

 mice resulted in higher bacterial load in blood and kidneys compared to congeneic controls.
Altogether our data indicate that IL-10 is essential for efficient elimination of bacteria and thereby for
protection against septic arthritis.

 

INTRODUCTION

 

Systemic 

 

Staphylococcus aureus

 

 infections with manifestations
such as septic arthritis are often very severe conditions, accompa-
nied by high mortality and rapid destruction of the joints. The bac-
teria trigger an exaggerated immune response in the host which
causes most of the sequels seen. In our murine model of septic
arthritis we have the ability to study these immunological mech-
anisms in detail. Mice are inoculated intravenously with a super-
antigen-producing 

 

S. aureus

 

 strain, LS-1 [1,2], which homes to the
joints and gives rise to arthritis and other manifestations of sep-
ticaemia. A series of studies using this model suggest that 

 

S.
aureus

 

 arthritis is a T cell-dependent and superantigen-mediated
disease [3,4]. We have earlier shown that the T cell response is
skewed towards a Th1 response where the joint destruction
caused by the bacterium is dependent partly on cytokines such as
IL-12 [5], TNF/LT-

 

a

 

 [6] and IFN-

 

g

 

 [7]. The importance of Th2
cytokines in this infection is not understood completely, but it is
known that the presence of IL-4 functions as promotor for sta-
phylococcal growth [8,9].

IL-10 was discovered around 10 years ago as a factor pro-
duced by mouse T helper type 2 cells which inhibits Th1 cytokine
synthesis [10]. IL-10 is produced by many cell types including
monocytes/macrophages, T and B cells and keratinocytes [11].
This cytokine acts primarily as an anti-inflammatory molecule

inhibiting the synthesis of proinflammatory cytokines (e.g. TNF,
IL-1, IL-8) by macrophages/monocytes [12] and neutrophils [13].
It has been shown 

 

in vivo

 

 to ameliorate aseptic collagen II-
induced arthritis [14].

The aim of this study has been to investigate the role of IL-10
in 

 

S. aureus

 

-induced arthritis by using IL-10 deficient Balb/c mice
and their congeneic controls. Our results demonstrate that the
lack of IL-10 causes impaired clearance of bacteria leading to a
more destructive course of arthritis.

 

MATERIALS AND METHODS

 

Mice

 

Embryonic stem cells (129/Ola) were disrupted for the IL-10 gene
[15] and injected into blastocysts of C57BL/6 mice. These IL-
10

 

–/–

 

 mice were bred onto Balb/c background and back-crossed
for more than 12 generations [16]. Mice of both sexes, 6–12 weeks
of age, were used. As controls, age- and sex-matched healthy
Balb/c mice were obtained from B&K Universal (Sollentuna,
Sweden). Up to 10 mice were kept in each cage and they were
maintained in the animal facility of the Department of Rheuma-
tology, Göteborg University, under standard conditions of light
and temperature, and fed standard laboratory chow and water 

 

ad
libitum

 

.

 

Bacteria and inoculation
S. aureus

 

 LS-1 was isolated originally from a swollen joint of a
spontaneously arthritic NZB/W mouse [1]. One of the character-
istics of this staphylococcal strain is that it produces large amounts
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of TSST-1 [2], an exotoxin with superantigenic properties. The
bacteria were cultured on blood agar for 24 h and then reincu-
bated on blood agar for another 24 h. They were kept frozen at

 

-

 

20

 

∞

 

C in phosphate buffered saline (PBS) [0·13 

 

M

 

 sodium chlo-
ride, 10 m

 

M

 

 sodium phosphate (pH 7·4)] containing 5% bovine
serum albumin and 10% dimethyl sulfoxide (C

 

2

 

H

 

6

 

OS) until use.
Prior to use, the bacteria solution was thawed, washed in PBS and
diluted in PBS to achieve the desired concentration of bacteria.
Mice were inoculated with 200 

 

m

 

l of bacteria solution in one of the
tail veins. Viable counts were used to ascertain the number of
bacteria injected.

 

Bacteriological examination

 

Bacterial growth in blood was examined 24 h after i.v. bacterial
inoculation by plating 50–100 

 

m

 

l of heparinized blood, taken from
the tail vein, on 5% horse blood agar dishes. The bacterial load in
kidneys was examined at time of sacrifice. The kidneys were asep-
tically removed, ground and diluted with 10 ml of sterile PBS.
Appropriate dilutions were made, and 100 

 

m

 

l samples of tissue
suspension were plated on agar dishes containing 5% horse
blood. Samples for bacteriological examination of joints were
obtained using sterilized cotton sticks, after dissection of talocru-
ral and radiocarpal joints, and transferred to 5% horse blood agar
dishes. After incubation for 24–48h colonies were counted, and
the results were expressed as the number of colony-forming units
(CFU) per ml blood or per whole organ.

 

Clinical evalution of arthritis

 

All mice were followed-up individually. Joints were inspected at
regular intervals. Arthritis was defined as visible joint erythema
and/or swelling of at least one joint. To evaluate the intensity of
arthritis, a clinical scoring (arthritic index) was carried out using a
system where macroscopic inspection yielded a score of 0–3
points for each limb (0, neither swelling nor erythema; 1, mild
swelling and/or erythema; 2, moderate swelling and erythema; 3,
marked swelling and erythema) [17]. The total score was calcu-
lated by adding the scores for each animal tested. The overall con-
dition was evaluated by assessment of body weight and general
appearance.

 

Histopathological examination

 

Histopathological examination of the joints was performed after
routine fixation, decalcification and paraffin embedding. Tissue
sections from fore- and hindpaws were cut and stained with
haematoxylin–eosin. All slides were coded and evaluated by a
blinded observer, and evaluated with regard to synovial hypertro-
phy and cartilage/subchondral bone destruction. The degree of
synovitis and bone and cartilage destruction yielded a score from
0 to 3 in every joint, i.e. fingers/toes, wrists/ankles, elbows and
knees.

 

Cytokine analysis
TNF.

 

T

 

he levels of TNF in serum and supernatants were
determined using ELISA kit from R&D Systems (Minneapolis,
MN, USA).

 

Interferon gamma assay.

 

Levels of IFN-

 

g

 

 were measured by
ELISA using 2 

 

m

 

g/ml of purified rat antimouse IFN-

 

g

 

 MoAb
(PharMingen, San Diego, CA, USA) in sodium bicarbonate
pH 9.6 for coating. All samples were serially diluted in Tris-NaCl
and incubated in wells. Biotinylated rat antimouse IFN-

 

g

 

 MoAb
(2 

 

m

 

g/ml) (PharMingen) were added to measure the level of

IFN-

 

g

 

 bound to solid phase. This procedure was followed by
stepwise addition of streptavidin alkaline phosphatase (Dako,
Glostrup, Denmark). The enzyme substrate was then added, and
the absorbance was measured in a SpectraMax plus photometer
(Molecular Devices) at 405 nm. The samples were tested in two-
fold dilutions and compared with recombinant mouse IFN-

 

g

 

  stan-
dard (Genzyme, Cambridge, MO, USA).

 

Intracellular killing activity of intraperitoneal macrophages

 

The intracellular killing activity of intraperitoneal macrophages
was tested by the modification of a previously described method
[18,19]. Macrophages were recovered by injecting 3 ml of ice-cold
medium (Iscove’s medium, 10% FCS, 1% gentamycin) into the
peritoneal cavity of sacrificed mice and aspirated after 1 min of
massage. The cells were adjusted to the approximate concentra-
tion of 2 

 

¥

 

 10

 

6

 

/ml medium (Iscove’s medium, 10% FCS, 1% gen-
tamycin), seeded in 200-

 

m

 

l volumes into 24-wells plates (Nunc)
and incubated at room temperature 90 min. Afterwards, 500 

 

m

 

l
medium was added to each well, and the cells were incubated for
4 h at 37

 

∞

 

C. The medium was then removed and 500 

 

m

 

l of medium
free from antibiotics was added to the cells. After incubation
overnight at 37

 

∞

 

C the cells were washed once with Iscove’s
medium, and 500 

 

m

 

l of 

 

S. aureus

 

 LS-1 suspension at a concentra-
tion of 8 

 

¥

 

 10

 

6

 

 bacteria/ml were added for 50 min. Then the cells
were washed three times with PBS to remove extracellular bac-
teria which were not ingested. The bacterial content was analysed
immediately (time-point 0) and 26 h after bacterial incubation. To
avoid the extracellular replication of bacteria Iscove’s medium
supplemented with 5% FCS and minimal inhibitory concentra-
tion of gentamycin for 

 

S. aureus

 

 LS-1 strain (4 

 

m

 

g/ml) was added.
The macrophages were lysed with distilled water for 20 min, and
the lysate, diluted 1 : 1, 1 : 10, 1 : 100 and 1 : 1000 was cultured on
5% horse blood agar plates. The plates were incubated for 24h
and the number of bacterial colonies counted.

 

Analysis of the phagocytic activity of leucocytes

 

Freshly obtained heparinized whole blood was vortexed and
aliqouted on the bottom of a 5-ml tube. Precooled flourescein
isothiocyanate (FITC)-conjugated bacteria were added (1 

 

¥

 

10

 

9

 

/ml) and incubated for 20 min at 37

 

∞

 

C. Ice-cold quenching
solution was then added to remove cell surface-bound FITC. The
erythrocytes were lysed and leucocyte membranes solubilized to
permit detection of intracellular FITC-labelled bacterial deposits
(Pharma, Heidelberg, Germany). Measurements were performed
with FACScan (Becton Dickinson, San Jose, CA, USA).

In vitro

 

 stimulation of spleen mononuclear cells

 

Spleen mononuclear cells were incubated at 2 

 

¥

 

 10

 

6

 

/ml in Iscove’s
complete medium with either formalin-killed 

 

S. aureus

 

 strain LS-
1 (2 

 

¥

 

 10

 

7

 

/ml), 1·25 

 

m

 

g/ml of concavalin A (Con A; ICN Biochem-
icals, Cleveland, OH, USA) or 10 

 

m

 

g/ml of purified TSST-1 (Toxin
Technology, Sarasota, FL, USA). Supernatants from cell cultures
incubated for 24 h were used for determination of cytokine levels.

 

Experimental protocol

 

Three 

 

in vivo

 

 experiments have been performed and data has
been pooled when appropriate.

 

Experiment no. 1.

 

Female mice were used, IL-10

 

–/–

 

 (

 

n

 

 

 

=

 

 9)
and controls (

 

n

 

 

 

=

 

 13). The bacterial dose given was 3 

 

¥

 

 10

 

7

 

 CFU/
ml and 200 

 

m

 

l was injected i.v. Blood was taken for culture and
cytokine analysis 24 h after bacterial inoculation. The mice were
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sacrificed at day 11 and kidneys removed for bacterial culture,
blood was obtained for culture and cytokine analysis, and joints
for histopathological examination.

 

Experiment no. 2.

 

Both male and female mice were used, IL-
10

 

–/–

 

 (

 

n

 

 

 

=

 

 13) and controls (

 

n

 

 

 

=

 

 13). The bacterial dose given was
2 

 

¥

 

 10

 

7

 

 CFU/ml and 200 

 

m

 

l was injected i.v. Half of the mice were
sacrificed at day 4 and half at day 10. Kidneys and paws were
removed for bacterial culture and blood for cytokine analysis at
both occassions.

 

Experiment no. 3.

 

Both male and female mice were used, IL-
10

 

–/–

 

 (

 

n

 

 

 

=

 

 10) and controls (

 

n

 

 

 

=

 

 11). The bacterial dose given was
2 

 

¥

 

 10

 

7

 

 CFU/ml and 200 

 

m

 

l was injected i.v. Blood samples were
taken from two different mice at every occasion, before bacterial
inoculation and at days 1, 3 and 11 for analysing peripheral leu-
cocyte expression of Annexin V and propiodium iodide. Blood
was taken for cultures at 24 h and 3 days. Mice were sacrificed at
day 11, kidneys and paws were removed for culture and blood for
cytokine analysis.

 

Statistical analysis

 

The mortality rate and frequency of arthritis were analysed using
Fisher’s exact test. All the remaining parameters were analysed by
the Mann–Whitney 

 

U

 

-test. All the data are expressed as mean 

 

±

 

s.e.m. or median and IQR unless indicated otherwise.

 

RESULTS

 

IL-10-deficient mice exhibit more frequent and severe arthritis

 

The development of arthritis showed higher severity in the
IL-10

 

–/–

 

 mice with significant values at day 6 

 

+ 

 

7 compared to con-
geneic controls (

 

P

 

 

 

=

 

 0·02, Fig. 1a). These clinical findings were
verified by the histopathological examination which showed
clearly that the IL-10 knock-out mice displayed a significantly
higher level of both cartilage- (

 

P

 

 

 

=

 

 0·01) and bone- (

 

P

 

 

 

=

 

 0·02)
destruction, Fig. 1b. The frequency of arthritis was increased in
the IL-10

 

–/–

 

 animals but did not reach the level of significance
(Table 1). Mortality in the IL-10 deficient group was 5/32 (16%)
and in the control group 3/37 (16%).

 

IL-10-deficient mice exhibit an increased bacterial burden after 
infection with 

 

S. aureus
Number of circulating staphylococci was significantly higher in
the knock-out animals at 24 h after bacterial inoculation
(

 

P

 

 

 

=

 

 0·04) as shown in Fig. 2a, but not detectable in either of the
groups after 3 days. Median level of bacteria in kidneys from IL-
10

 

–/–

 

 mice at day 4 was 12·5 

 

¥ 

 

10

 

5

 

 CFU/kidney in comparison with
controls where staphylococi were not detectable (

 

P

 

 

 

=

 

 0·009). At
day 10 

 

+

 

 11 the tendency was the same, without reaching the level
of significance (Fig. 2b). There were no detectable staphylococci
in the joints in neither IL-10

 

–/–

 

 mice nor in the control group
either at day 4 or at day 10 

 

+

 

 11.

 

IL-10-deficient mice exhibit an altered cytokine pattern in 
response to S. aureus infection
At day 1 there was no difference in the in vivo levels of TNF
between the IL-10–/– and congeneic mice. Surprisingly, the serum
TNF levels in the IL-10 deficient animals decreased during the
infection compared to controls, and at day 10 were significantly
(P = 0·008) lower compared to controls, Fig. 3a. The circulating
IFN-g levels were increased in the IL-10–/– mice, although the
difference did not reach statistical significance, Fig. 3b.

In vitro stimulation of spleen mononuclear cells from IL-10
deficient mice showed significantly increased (P = 0·03) levels of
IFN-g in the supernatant in response to ConA (Fig. 4a). A similar
relationship (P = 0·03) was obtained concerning TNF levels in the
supernatant but now in response to staphylococcal cell wall com-
ponents (Fig. 4b).

IL-10-deficient mice display intact phagocytosis
There was no significant difference between the ability of PMNC
and monocytes to phagocytose FITC-labelled staphylococci

Fig. 1. Pooled data from the three pooled experiments show the severity
of arthritis in IL-10–/– (n = 32) and their congeneic controls (n = 37) (a).
Severity of histopathological changes in IL-10–/– (n = 8) and control mice
(n = 13) in synovia, cartilage and bone at day 11 after bacterial inoculation
(b). , IL-10–/–; �, controls.
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Table 1. Frequency of arthritis from three pooled experiments, %

Mouse type Day 3 Day 7 Day 10 + 11

IL-10–/– 29 32 40
IL-10+/+ 19 7 22
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between IL-10–/– and congeneic controls when analysed by FACS.
Addition of rIL-10 significantly impaired the phagocytosis by
macrophages when added to the knock-out animals (P = 0·03)
and in granulocytes when added to controls (P = 0·009) (Fig. 5).
Intracellular killing of staphylococci by peritoneal macrophages
did not differ between the IL-10–/– mice (n = 3) and controls
(n = 3) checked at time-point 0 at 26 h after bacterial stimulation.

DISCUSSION

The results of this study clearly show that the absence of IL-10
aggravates, both the frequency, and the severity of S. aureus-
induced arthritis. This is in line with the findings in aseptic col-
lagen II arthritis where Kasama et al. [20] demonstrated an accel-
eration of the onset and an increase in the severity of arthritis,
when mice were administered neutralizing monoclonal anti-IL-10
antibodies. A series of studies [21–25] show that IL-10 ameliorates
the outcome of collagen arthritis. One of the explanations of the
very destructive course of arthritis seen in S. aureus-induced
infections is due to the fact that the IL-10 knock-out situation
leads to increased production of Th1 cytokines, which can be

illustrated with the elevated levels of TNF and IFN-g in spleno-
cytes when stimulated with staphylococcal cell wall components
and TSST-1, respectively.

An additional factor which has to be considered in staphylo-
coccal arthritis is the bacterium itself. Because IL-10 has a deac-
tivating capacity on macrophages and neutrophils, cells that are of
utmost importance for clearing the staphylococcal infection in our
mice model [26,27], one would therefore assume that lack of IL-
10 would enhance the bacterial clearance. However, the IL-10
knock-out mice showed a higher bacterial burden in several body
compartments including blood and kidneys, especially early dur-
ing the infection. No bacteria were found in the joints in any of
the groups, probably due to the relatively low dose of bacteria
inoculated and relatively insensitive detection technique. The
increased bacterial burden in the IL-10 deficient mice infected
with S. aureus LS-1 was not entirely unexpected. Indeed, Sasaki
et al. [28] showed that mice infected with S. aureus 834 and treated
with IL-10 neutralizing antibodies had a higher bacterial load in
kidneys. Our in vitro results suggest that recombinant IL-10

Fig. 2. Bacterial counts in blood of IL-10–/– (n = 11) and control mice
(n = 11) 24 h after bacterial inoculation (a). At day 3 no staphylococci were
detectable in the blood (data not shown). Bacterial counts in kidneys of
IL-10–/– (n = 6) and control mice (n = 6) at day 4 after inoculation. At day
10 + 11 kidneys from the IL-10–/– mice (n = 12) contain more bacteria than
the controls (n = 17) but do not reach the level of significance (b). , IL-
10–/–, �, controls.
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Fig. 3. Proinflammatory cytokine response following inoculation of S.
aureus in IL-10–/– mice. There was no statistical difference between the
serum levels of TNF early (IL-10–/– n = 19, IL-10+/+, n = 21) during the
infection. At day 10 + 11 the TNF levels in the IL-10–/– mice (n = 11) were
significantly decreased compared to controls (n = 16) (a). Differences
regarding serum levels of IFN-g were not found at any of the time-points
studied (IL-10–/–, n = 8, IL-10+/+, n = 12) (b). , IL-10–/–, �, controls.
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impairs the phagocytic capacity of macrophages and granulocytes,
due possibly to higher concentration of rIL-10 compared to the
endogenous production of IL-10.

In vitro stimulation of splenocytes from IL-10–/– animals
showed significantly higher IFN-g levels, although no differences
were found when measured in vivo. The significance of IFN-g in S.
aureus arthritis is multi-faceted. We have earlier shown that IFN-
g plays a critical role in the clearance of bacteria in the early state
of the infection, but is of less importance later. Administration of
rIFN-g enhances the systemic clearance of staphylococci, proba-
bly by increasing the phagocytic capacity of neutrophils, but wors-
ens the arthritis [7,29]. It is also well known that the susceptibility
to collagen-induced arthritis (CIA) is increased in IFN-g receptor
knock-out mice [30,31]. In contrast, IFN-g given systemically in
the CIA model ameliorated the disease [32].

Arai et al. [33] demonstrated that IL-10 plays an essential role
in protection of Salmonella-infected macrophages from apoptosis
caused by exessive production of TNF. One potential explanation
for the impaired clearance of staphylococci in the IL-10 knock-
out mice is enhanced apoptosis of phagocytosing cells, i.e.
macrophages. We have addressed this question by analysing

peripheral blood leucocytes with respect to their expression of
Annexin V and propidium iodide. However, we could not detect
any changes of frequency of apoptotic cells between IL-10–/– and
controls (results not shown). Futhermore, the intracellular killing
capacity of macrophages showed no difference compared to the
control mice, as evaluated in vitro. Finally, the in vivo migration
capacity of neutrophils [34] was not affected by IL-10 deficiency
(data not shown).

We conclude that absence of IL-10 significantly increases the
severity of S. aureus-induced arthritis. This phenomenon is pro-
bably due to increased production of Th1 cytokines such as TNF
and a heavier bacterial burden. Futher studies are required to
assess if addition of rIL-10 to mice infected with S. aureus might,
in combination with antibiotics, would be a novel approach to
treatment of this severe infection.
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