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Our previous study showed that gamma interferon (IFN-␥), a T-helper 1 (Th1)-type cytokine, plays a
detrimental role in Staphylococcus aureus infection in mice. In this study, the role of Th2-type cytokines such
as interleukin-4 (IL-4) and IL-10 in S. aureus infection was investigated. IL-10 mRNA was induced in parallel
with IFN-␥ in the spleens and kidneys of mice during S. aureus infection, whereas IL-4 mRNA was induced in
the spleens but not in the kidneys of these animals. Spleen cells obtained from S. aureus-infected mice produced
lower titers of IFN-␥ and higher titers of IL-4 and IL-10 in response to heat-killed S. aureus than did those from
uninfected mice. Administration of anti-IL-4 monoclonal antibody (MAb) or anti-IL-10 MAb inhibited the
elimination of S. aureus cells from the kidneys of mice. IFN-␥ mRNA expression was enhanced in the spleens
of anti-IL-4 MAb- or anti-IL-10 MAb-treated mice and also in the kidneys of anti-IL-4 MAb-treated animals.
Next, we evaluated the role of IFN-␥ in S. aureus infection in IFN-␥ⴚ/ⴚ mice. An increase in survival rates, a
decrease in bacterial numbers in the kidneys, and an amelioration of histologic abnormalities in these organs
were observed in IFN-␥ⴚ/ⴚ mice compared with those in IFN-␥ⴙ/ⴙ mice. Administration of MAb against IL-4
or IL-10 failed to affect bacterial growth in the spleens and kidneys of IFN-␥ⴚ/ⴚ mice irrespective of the
expression of Th2 response. These results suggest that S. aureus infection induced a Th2 response and that IL-4
and IL-10 might play a protective role through the regulation of IFN-␥ in S. aureus infection.
Staphylococci, including Staphylococcus aureus, which can
grow extracellularly and sometimes intracellularly, are a major
source of morbidity and mortality in medical facilities. Staphylococci and their products are capable of strongly inducing
various cytokines. Endogenous cytokines such as gamma interferon (IFN-␥), tumor necrosis factor alpha, and interleukin-6
(IL-6) are produced in the bloodstreams, spleens, and kidneys
of mice during systemic infection with S. aureus (26, 30). Our
previous study showed that IFN-␥, but neither tumor necrosis
factor alpha nor IL-6, plays a detrimental role in S. aureus
infection in mice (26) and that the lethality of this infection
could be escaped by the blockade of endogenous IFN-␥ by
administration of the corresponding monoclonal antibody
(MAb). Zhao and Tarkowski (36) also demonstrated that
IFN-␥ receptor-negative mice developed severe sepsis with
higher mortality after S. aureus infection.
Antigen-specific CD4⫹ helper T (Th)-cell responses can be
divided into two types, Th1 and Th2, based on cytokine production and effector function (24, 32). Differentiation of Th1
cells, which produce IL-2, IFN-␥, and lymphotoxin, is driven by
IL-12 and IFN-␥, while differentiation of Th2 cells, which produce IL-4, IL-5, IL-10, and IL-13, depends on IL-4. IFN-␥ is a
representative of the Th1-type cytokines, and it inhibits the

outgrowth of Th2 cells (1). IL-10, one of the Th2-type cytokines, shows anti-inflammatory activity and plays a role in
protecting the host from endotoxin shock (9, 15), septic shock
(2), and staphylococcal enterotoxin shock (8, 12). On the other
hand, IL-4 reportedly plays either a protective or detrimental
role in S. aureus-induced sepsis, depending on the mouse
strains used (17, 18).
We were interested in the Th response and relationship
between IFN-␥-mediated pathogenesis and Th2-derived cytokines in S. aureus infection. In this study, we demonstrate that
the Th2 response becomes dominant in S. aureus infection and
that IL-4 and IL-10 play a protective role. We further show
that this protective role might be due to the regulation of
IFN-␥.
MATERIALS AND METHODS
Mice. Outbred ddY mice, IFN-␥ deficient mice (IFN-␥⫺/⫺ mice) on a C57BL/
6⫻Sv129 background (33), and corresponding control mice (IFN-␥⫹/⫹ mice), 5
to 8 weeks old, were used. ddY mice were purchased from SLC Japan
(Hamamatsu, Shizuoka, Japan). The animals were maintained under specificpathogen-free conditions at the Institute for Animal Experiment, Hirosaki University School of Medicine.
Bacteria. S. aureus 834 was prepared as described previously (26). In each
experiment, bacteria were cultured on tryptic soy agar (Difco Laboratories,
Detroit, Mich.) for 24 h at 37°C, inoculated into tryptic soy broth (Difco), and
incubated for another 15 h. The organisms were collected by centrifugation and
resuspended in 0.85% saline. The concentration of resuspended cells was adjusted spectrophotometrically at 550 nm. Mice were infected intravenously with
0.2 ml of a solution containing 107 or 108 CFU of viable S. aureus cells in saline.
A 50% lethal dose of S. aureus 834 was 4 ⫻ 107 CFU in ddY mice and C57BL/6
mice. A heat-killed S. aureus cell suspension at 109 cells per ml in saline, which
had been boiled for 10 min (30), was used for stimulation of spleen cells in vitro.
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FIG. 1. PCR-assisted mRNA amplification analysis of IFN-␥, IL-4, and IL-10
in the spleens and kidneys of S. aureus-infected or uninfected mice within 12 h
of infection with 108 CFU of S. aureus. The results were reproduced in three
repeated experiments.

the spleens and kidneys of S. aureus-infected mice at 3, 6, and
12 h, whereas IL-4 mRNA was expressed only in the spleens at
6 h. When mice were infected with 107 CFU of S. aureus cells
(Fig. 2), IFN-␥ mRNA was detected in the spleens and kidneys
on days 1, 3, and 7 of infection; IL-4 mRNA was induced in the
spleens of S. aureus-infected mice on day 7 after infection; and
IL-10 mRNA was detected in the spleens from days 1 to 7 and
in the kidneys on day 7 after infection.
IFN-␥, IL-4, and IL-10 production in spleen cell cultures
obtained from S. aureus-infected mice. Next, we investigated
the in vitro production of IL-4 and IL-10 in mouse spleen cell
cultures. Spleen cells obtained from uninfected mice and S.
aureus-infected mice on days 7 and 21 of infection were stimulated with heat-killed S. aureus, and the titers of IFN-␥, IL-4,
and IL-10 in the culture supernatants were estimated (Table
1). On day 7 of infection, IFN-␥ production was decreased in
the infected mice compared with the uninfected mice (P ⬍
0.01) whereas IL-10 production in the infected mice was higher

RESULTS
Induction of IFN-␥, IL-4, and IL-10 mRNA expression during S. aureus infection. Mice were infected with 108 CFU of S.
aureus cells, and IFN-␥, IL-4, and IL-10 mRNA expression in
the spleens and kidneys was investigated by reverse transcription-PCR at 3, 6, and 12 h of infection (Fig. 1). There was no
expression of IFN-␥, IL-4, or IL-10 mRNA in any of the organs
from uninfected mice. IFN-␥ and IL-10 mRNA was detected in

FIG. 2. PCR-assisted mRNA amplification analysis of IFN-␥, IL-4, and IL-10
in the spleens and kidneys of S. aureus-infected or uninfected mice on days 1, 3,
and 7 after infection with 107 CFU of S. aureus. The results were reproduced in
three repeated experiments.
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Determination of the numbers of viable S. aureus cells in the organs. The
spleens and kidneys of infected animals were homogenized in RPMI 1640 medium (Nissui Pharmaceutical Co., Tokyo, Japan) containing 1% (wt/vol) 3-[(3cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS; Wako Pure
Chemical Co., Osaka, Japan) with a Dounce grinder. The numbers of viable S.
aureus cells were established by plating serial 10-fold dilutions of organ homogenates in 0.01 M phosphate-buffered saline (pH 7.4) on tryptic soy agar. Colonies
were counted 24 h later.
Spleen cell cultures. Spleens were removed from uninfected mice and S.
aureus-infected mice aseptically, and spleen cells were obtained by squeezing the
organs in RPMI 1640 medium containing 2% fetal calf serum. The cell suspension was filtered through stainless-steel mesh (size 100), and erythrocytes were
depleted by treatment with 0.83% NH4Cl. After being washed three times with
RPMI 1640 medium supplemented with 2% fetal calf serum, the cells were
resuspended in RPMI 1640 medium supplemented with 10% fetal calf serum,
200 U of penicillin G per ml, and 200 g of streptomycin per ml, and then placed
in 24-well tissue culture plates (Greiner, Frickenhausen, Germany) at a cell
density of 107 cells per well in a final volume of 1 ml. Heat-killed S. aureus cells
were added to the spleen cells at 108 bacteria/well. The culture supernatant was
harvested 48 h after incubation and stored at ⫺80°C until the cytokine assays
were performed.
Cytokine assays. IFN-␥, IL-4, and IL-10 assays were carried out by a doublesandwich enzyme-linked immunosorbent assay (ELISA) as described previously
(25, 26). Purified rat anti-mouse IFN-␥ MAb produced by hybridoma R4-6A2
and rabbit anti-recombinant mouse IFN-␥ serum (26) were used for the IFN-␥
ELISA. All IFN-␥ ELISAs were run with recombinant mouse IFN-␥ produced
and purified by Genentech, Inc., South San Francisco, Calif. Rat anti-mouse IL-4
MAb (11B11; PharMingen. San Diego, Calif.) or rat anti-mouse IL-10 MAb
(JES5-2A5; PharMingen) and biotinylated rat anti-mouse IL-4 MAb (BVD624G; PharMingen) or biotinylated rat anti-mouse IL-10 MAb (SXC-1; PharMingen) were used for determination of IL-4 and IL-10. All IL-4 and IL-10
ELISAs were run with recombinant mouse IL-4 (Genzyme Co., Boston, Mass.)
or recombinant mouse IL-10 (Genzyme).
In vivo depletion of endogenous cytokines. Hybridoma cell lines secreting
MAbs against mouse IL-4 (11B11; rat immunoglobulin G1), and mouse IL-10
(JES5-2A5; rat immunoglobulin G1) were used. MAbs found in the ascites fluid
were partially purified by (NH4)2SO4 precipitation. The mice were given single
intravenous injections of 1 mg of anti-IL-4 MAb or anti-IL-10 MAb 1 h before
infection. Normal rat globulin (NRG) was injected as a control for the MAbs.
NRG was prepared as described previously (30). All in vivo effects of MAbs and
NRG described were verified by the use of reagents tested by the Limulus
amoebocyte lysate assay to contain ⬍0.1 ng per injected dose.
Reverse transcription-PCR. Total RNA was isolated from pieces of spleens
and kidneys (0.05 g each) using a guanidium thiocyanate-phenol-chloroform
single-step method (5). cDNA was prepared by reverse transcription as previously reported (30). PCR amplification was performed with a Program Temp
Control System apparatus (PC-700; ASTEC, Inc., Fukuoka, Japan). The reaction
mixture consisted of 20 l of sample cDNA, 8 l of PCR amplification buffer
(Gibco-BRL), 4 l of 1.25 mM deoxynucleoside triphosphates, 1 l of 20 mM 5⬘
and 3⬘ primers, 0.5 l (2.5 U) of Taq DNA polymerase (Gibco-BRL), and 47 l
of distilled water to make a final volume of 80.5 l. Primers for IFN-␥, IL-4, L-10,
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were prepared as
previously described (25, 30). The predicted sizes of the amplified products for
IL-4, IL-10, IFN-␥, and GAPDH were 279, 317, 243, and 277 bp, respectively.
After 30 PCR cycles consisting of DNA denaturation at 93°C for 29 s, primer
annealing at 55°C for 29 s, and DNA extension at 72°C for 2 min, the reaction
was terminated. Then 6 l of each PCR product was analyzed by electrophoresis
and visualized and photographed on a UV transilluminator (Fotodyne Inc., New
Berlin, Wis.).
Histological examinations. Mice which were infected with 107 CFU of S.
aureus were sacrificed, and their kidneys were fixed in 10% neutral-buffered
formalin. Tissues were processed and embedded in paraffin routinely. Sections
were stained with hematoxylin and eosin.
Statistical evaluation of the data. Data were expressed as means ⫾ standard
deviations, and the Wilcoxon rank sum test was used to determine the significance of the differences of bacterial counts in the organs and the cytokine titers
between the control and experimental groups. The generalized Wilcoxon test was
used to determine the significance of differences in the survival rate. Each
experiment was repeated at least three times and accepted as valid only when the
trials showed similar results.

2425

2426

SASAKI ET AL.

INFECT. IMMUN.

TABLE 1. Production of IFN-␥, IL-4, and IL-10 in the spleen cell
cultures obtained from S. aureus-infected micea
Time postinfection
and infection
status

IFN-␥ (ng/ml)

IL-4 (pg/ml)

IL-10 (ng/ml)

7 days
Uninfected
Infected

59.8 ⫾ 3.2
7.7 ⫾ 0.2c

43 ⫾ 0.4
41 ⫾ 2.5

14.5 ⫾ 3.0
32.5 ⫾ 2.3c

21 days
Uninfected
Infected

34.6 ⫾ 2.2
17.9 ⫾ 1.9c

91 ⫾ 10.3
143 ⫾ 13.5c

28.2 ⫾ 1.3
42.7 ⫾ 6.2c

Cytokine titerb

a

Mice were infected with 107 CFU of S. aureus or left uninfected.
Spleen cells were stimulated with heat-killed S. aureus for 48 h, and the
cytokine titer in each culture supernatant was determined. Each result represents
the mean ⫾ standard deviation for a group of four mice. The results were
reproduced in three repeated experiments.
c
Significantly different from the value for the uninfected group (P ⬍ 0.01).
b

FIG. 3. Effect of in vivo administration of anti-IL-4 MAb or anti-IL-10 MAb
on the growth of bacterial cells in the organs of mice which were infected with 107
CFU of S. aureus. Mice were injected with normal rat globulin (open bars),
anti-IL-4 MAb (hatched bars), or anti-IL-10 MAb (filled bars) 1 h before infection. The numbers of bacterial cells in the spleens (A) and kidneys (B) were
determined on days 2 and 7 of infection. Each result represents the mean and
standard deviation for a group of five mice. A single asterisk indicates a significant difference from the control group at P ⬍ 0.01. The results were reproduced
in three repeated experiments.

FIG. 4. Effect of administration of MAbs against IL-4 and IL-10 on IFN-␥
mRNA expression in the spleens and kidneys of S. aureus-infected mice. Mice
were injected with NRG (lane 1), anti-IL-4 MAb (lane 2), or anti-IL-10 MAb
(lane 3) and infected with 107 CFU of S. aureus 1 h later. The spleens and kidneys
were obtained on day 2 (A) or day 7 (B) of infection for PCR-assisted mRNA
amplification of IFN-␥ and GAPDH. The results were reproduced in three
repeated experiments.

Effect of in vivo administration of MAbs against IL-4 and
IL-10 on IFN-␥ mRNA expression during S. aureus infection.
To investigate whether IFN-␥ mRNA expression would be
regulated by endogenous IL-4 and IL-10 during S. aureus infection, mice were given single intravenous injections of antiIL-4 MAb, anti-IL-10 MAb, or NRG 1 h before being infected
with 107 CFU of S. aureus, and IFN-␥ mRNA expression in the
spleens and kidneys was then detected by reverse transcriptionPCR on days 2 and 7 of infection (Fig. 4). Induction of IFN-␥
mRNA was observed in the spleens on day 2 in anti-IL-4 MAband anti-IL-10 MAb-injected mice but not in NRG-treated
animals, while IFN-␥ mRNA was detected in the spleens of
both groups of mice on day 7. In the kidneys, IFN-␥ mRNA
was expressed on day 7 only when mice were injected with
anti-IL-4 MAb.
Fate of S. aureus infection in IFN-␥-deficient mice. Our
previous study showed that administration of anti-IFN-␥ MAb
protected mice from lethal S. aureus infection (26). In the
present study, we investigated the fate of S. aureus infection in
IFN-␥⫺/⫺ mice. When IFN-␥⫺/⫺ and IFN-␥⫹/⫹ mice were
infected with 108 CFU of S. aureus, the IFN-␥⫹/⫹ mice died 3
to 6 days after infection; however, 46% of the IFN-␥⫺/⫺ mice
survived until 12 days after infection (P ⬍ 0.01) (Fig. 5). Next,
we measured the numbers of S. aureus cells in the spleens and
kidneys of IFN-␥⫺/⫺ mice. IFN-␥⫺/⫺ and IFN-␥⫹/⫹ mice were
infected with 107 CFU of S. aureus, and the bacterial numbers
in the organs were determined 3 and 7 days later (Fig. 6). The
bacterial numbers in the kidneys of IFN-␥⫺/⫺ mice were significantly lower than those in IFN-␥⫹/⫹ mice (P ⬍ 0.01), while
the bacterial numbers in the spleens of IFN-␥⫺/⫺ mice were
comparable to those in IFN-␥⫹/⫹ mice (P ⬎ 0.05).
Histologic examination of specimens from IFN-␥-deficient
mice. Microscopic examination of the kidneys obtained from
IFN-␥⫺/⫺ and IFN-␥⫹/⫹ mice was performed on day 3 after
infection with 107 CFU of S. aureus. The common histopathological findings in both groups included multiple abscesses of
various sizes and vasculitis with bacterial thrombosis, with or
without infarction, so-called septic infarction. In IFN-␥⫹/⫹

Downloaded from http://iai.asm.org/ on September 26, 2020 by guest

than that in the controls (P ⬍ 0.01). There was no difference in
IL-4 production between the infected mice and uninfected
mice (P ⬎ 0.05). On day 21 of infection, IFN-␥ production in
the infected mice was lower than that in uninfected mice (P ⬍
0.01). In contrast, both IL-4 and IL-10 production in the infected mice was augmented compared with that in the uninfected mice (P ⬍ 0.01).
Effect of in vivo administration of MAbs against IL-4 and
IL-10 on host resistance to S. aureus infection. To determine
the role of endogenous IL-4 and IL-10 during S. aureus infection, mice were given single intravenous injections of anti-IL-4
MAb, anti-IL-10 MAb, or NRG 1 h before being infected with
107 CFU of S. aureus, and the numbers of bacteria in the
spleens and kidneys were determined on days 2 and 7 of infection (Fig. 3). No significant differences in bacterial numbers
were shown in the spleens of NRG-injected and MAb-injected
animals (P ⬍ 0.01) (Fig. 3A). The bacterial numbers in the
kidneys were significantly higher in anti-IL-4 MAb- or antiIL-10 MAb-pretreated mice than in NRG-pretreated mice on
day 7 (P ⬍ 0.01) but not on day 2 (P ⬎ 0.05) of infection (Fig.
3B).
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Effect of administration of MAbs against IL-4 and IL-10 in
IFN-␥-deficient mice. To determine whether IL-4 and IL-10
are involved in host resistance to S. aureus infection in IFN␥⫺/⫺ mice, IFN-␥⫺/⫺ mice were given single intravenous injections of anti-IL-4 MAb, anti-IL-10 MAb, or NRG 1 h before
being infected with 107 CFU of S. aureus, and the numbers of
bacterial cells in the spleens and kidneys were determined on
day 7 of infection (Fig. 8). There were no differences in the
numbers of bacteria in the spleens and kidneys among the
three groups (P ⬍ 0.01).

mice, the abscesses were composed mainly of neutrophils and
monocytes, and in the center of the abscesses were some microcolonies surrounded by “clubs” of reactive protein material
(Fig. 7A and B). In contrast, IFN-␥⫺/⫺ mice had fewer and
smaller abscesses in the kidneys. The abscesses consisted
mainly of neutrophils, and their borders were unclear. The
club-shaped colony of the microorganisms was also obscure
(Fig. 7C and D). Histologic observations of kidneys specimens
obtained from both groups of mice on day 7 of infection were
similar to those of specimens obtained on day 3 (data not
shown).
IL-4 and IL-10 production in spleen cell cultures obtained
from S. aureus-infected IFN-␥-deficient mice. Spleen cells were
obtained on days 7 and 21 postinfection from IFN-␥⫺/⫺ mice
and IFN-␥⫹/⫹ mice infected with 107 CFU of S. aureus. Control cells were obtained from uninfected IFN-␥⫺/⫺ mice and
IFN-␥⫹/⫹ mice. The spleen cells were stimulated with heatkilled S. aureus, and the production of IL-4 and IL-10 in the
culture supernatants was assayed (Table 2). IL-10 production
was augmented in spleen cell cultures obtained from either
IFN-␥⫺/⫺ mice or IFN-␥⫹/⫹ mice after infection on both days
7 and 21 of infection (P ⬍ 0.01).

FIG. 6. Growth of S. aureus cells in the spleens and kidneys of IFN-␥deficient mice. IFN-␥⫹/⫹ mice (open bars) and IFN-␥⫺/⫺ mice (filled bars) were
infected with 107 CFU of S. aureus, and the numbers of bacterial cells in the
spleens (A) and kidneys (B) were determined on days 3 and 7 of infection. Each
result is the mean and standard deviation for a group of five mice. The asterisks
indicate a significant difference from IFN-␥⫹/⫹ mice at P ⬍ 0.01. The results
were reproduced in three repeated experiments.

DISCUSSION
In this study, we demonstrated that S. aureus infection induced a Th2 response and that IL-4 and IL-10 might play a
protective role through the regulation of IFN-␥ in S. aureus
infection.
Endogenous IL-4 and IL-10 in the spleens and kidneys of S.
aureus-infected mice were assayed by ELISAs. However, the
levels of these cytokines were below the limits of detection in
any specimen. Therefore, we investigated endogenous cytokines in the organs by reverse transcriptase-PCR. IL-10
mRNA was induced in parallel with IFN-␥ in the spleens and
kidneys of mice during S. aureus infection, whereas IL-4
mRNA was induced in the spleens but not in the kidneys of
these animals (Fig. 1 and 2). The different expressions of IL-4
and IL-10 in the kidneys might be due to differences in the
spectra of cell types found in these organs, because various
types of cells including macrophages can produce IL-10 (23)
but IL-4 production is reportedly limited to cell populations
such as T cells, NK cells, and mast cells (27).
Spleen cells obtained from S. aureus-infected mice produced
lower titers of IFN-␥ and higher titers of IL-4 and IL-10 in
response to heat-killed S. aureus than did those obtained from
uninfected mice (Table 1), suggesting that S. aureus infection
polarizes Th0 toward Th2. Polarization of Th1 and Th2 reportedly depends on the genetic background of mice in some microbial infections such as Leishmania major (13, 31) and Borrelia burgdorferi (21, 34) infections. In the case of S. aureus
infection, a Th2 response occurred in both C57BL/6-background mice (Table 2), which make a predominantly Th1 response (13, 32, 34), and BALB/c mice (data not shown), which
make a predominantly Th2 response (13, 21, 31), in addition to
outbred ddY mice (Table 1), showing that S. aureus infection
induces a Th2 response irrespective of the mouse strain. It has
been reported that S. aureus infection also induced a Th2
response in human peripheral blood CD4⫹ T cells (22).
IL-4, a representative of Th2-type cytokines, plays a detrimental role in host resistance to microbial infections including
Listeria monocytogenes (11, 25), Candida albicans (28), and
Leishmania major (13, 31). Hultgren et al. (17, 18) reported
that IL-4 plays either a protective or detrimental role in S.
aureus-induced sepsis, depending on the mouse strain used.
IL-10, another Th2-type cytokine, plays a detrimental role in
host resistance to microbial infections including L. monocytogenes (6), Mycobacterium avium (3), Klebsiella pneumoniae
(10), and Candida albicans (29). In contrast, IL-10 plays a
beneficial role in protecting the host from endotoxin shock (9,
15), septic shock (2), and staphylococcal enterotoxin shock (8,
12). In this study, administration of anti-IL-4 MAb or antiIL-10 MAb to mice inhibited the elimination of S. aureus from
the kidneys, in which infectious foci were easily formed (Fig.
3), suggesting that both IL-4 and IL-10 might be involved in
host resistance to S. aureus infection. Although IL-4 mRNA
was expressed in the kidneys only in the early phase of infection (Fig. 1), it is possible that the IL-4 may have been supplied
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FIG. 5. Survival rate of IFN-␥-deficient mice infected with a lethal dose of S.
aureus. IFN-␥⫹/⫹ mice (solid squares) and IFN-␥⫺/⫺ mice (solid circles) were
infected with 108 CFU of S. aureus. The asterisk indicates a significant difference
from IFN-␥⫹/⫹ mice at P ⬍ 0.01. The results were reproduced in three repeated
experiments.
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by other sites such as the spleen via the circulation. Alternatively, bacterial numbers in the spleens may not have been
affected by the administration of anti-IL-4 MAb or anti-IL-10
MAb (Fig. 3 and 6). Our previous study indicated that S.
aureus preferentially colonizes and proliferates, with abscess
formation, in kidneys but not in spleens (26). We presumed
that S. aureus cells detected in the spleens might have been
derived from the circulation and that elimination of bacteria
might not be controlled by cytokines including IL-4 and IL-10.
However, a precise mechanism for the different effects of these
cytokines in the spleen and kidneys is unsolved.

We demonstrated that administration of anti-IFN-␥ MAb
resulted in the suppression of bacterial growth in the kidneys
and protected mice from the lethal effects of S. aureus infection
(26). Zhao and Tarkowski (36) also demonstrated that IFN-␥

TABLE 2. IL-10 production in spleen cell cultures obtained from
IFN-␥-deficient mice
IL-10 titer (ng/ml)b in:

Infection status and
time postinfectiona

Uninfected
Infected
7 days
21 days
a

IFN-␥⫹/⫹ mice

IFN-␥⫺/⫺ mice

4.5 ⫾ 3.0

4.3 ⫾ 2.5
c

18.5 ⫾ 6.8
21.0 ⫾ 10.5c
7

16.7 ⫾ 5.4c
13.4 ⫾ 5.0c

Mice were infected with 10 CFU of S. aureus.
Spleen cells were stimulated with heat-killed S. aureus for 48 h, and the
IL-10, titer in each culture supernatant was determined. Each result represents
the mean ⫾ standard deviation for a group of four mice. The results were
reproduced in three repeated experiments.
c
Significantly different from the value for the uninfected group (P ⬍ 0.01).
b

FIG. 8. Effect of in vivo administration of anti-IL-4 MAb or anti-IL-10 MAb
on the growth of bacterial cells in the organs of IFN-␥-deficient mice which were
infected with 107 CFU of S. aureus. Mice were injected with NRG (open bars),
anti-IL-4 MAb (hatched bars), or anti-IL-10 MAb (filled bars) 1 h before infection. The numbers of bacterial cells in the spleens (A) and kidneys (B) were
determined on day 7 of infection. Each result represents the mean and standard
deviation for a group of five mice. The results were reproduced in three repeated
experiments.
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FIG. 7. Histology of kidneys from S. aureus-infected IFN-␥-deficient mice. The kidney sections from IFN-␥⫹/⫹ mice (A and B) and IFN-␥⫺/⫺ mice (C and D) were
obtained after infection with 107 CFU of S. aureus. The sections were stained with hematoxylin and eosin. Magnification, ⫻100 (A and C) and ⫻400 (B and D). The
results were reproduced in three repeated experiments.
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receptor-negative mice developed severe sepsis with high mortality after S. aureus infection. Recently, however, Zhao et al.
reported that anti-IFN-␥ MAb treatment had no significant
influence on survival rates and was accompanied by an increase
in the bacterial numbers in the kidneys, and they also reported
that administration of recombinant IFN-␥ ameliorated S. aureus sepsis (35). Therefore, we evaluated the role of IFN-␥ in
S. aureus infection in IFN-␥⫺/⫺ mice. Our present results
showed that IFN-␥ plays an important role in the pathogenesis
of S. aureus infection, because there was an increase in the
survival rates (Fig. 5), a decrease in bacterial numbers in the
kidneys (Fig. 6), and an amelioration of histologic changes
observed in the kidneys (Fig. 7) in IFN-␥⫺/⫺ mice compared
with those in IFN-␥⫹/⫹ mice.
Our present study indicated that IL-4 and IL-10 might play
a beneficial role in host resistance to S. aureus infection. These
cytokines are known to have anti-inflammatory actions in various inflammatory diseases (2, 8, 9, 15, 17–19). It is possible
that these cytokines may regulate excess inflammatory responses in S. aureus infection. On the other hand, IL-4 and
IL-10 are known to suppress Th1 development by inhibiting
the production of IFN-␥ and IL-12 (16). In our hands, IFN-␥
mRNA expression in the spleens of anti-IL-4 MAb- or antiIL-10 MAb-treated mice and also in the kidneys of the antiIL-4 MAb-treated animals was enhanced (Fig. 4). Interestingly, administration of MAb against IL-4 or IL-10 failed to
affect the bacterial growth in the spleens and kidneys of IFN␥⫺/⫺ mice (Fig. 8) irrespective of the expression of the Th2
response (Table 2). These results suggested that IL-4 and IL10, rather than affecting host resistance by acting directly
against S. aureus infection, may show their protective effect
through the regulation of IFN-␥ production.
Staphylococcal enterotoxin C reportedly induces Th2-type
cytokines (7). The S. aureus strain used herein produces staphylococcal enterotoxin C and toxic shock syndrome toxin 1 (26,
30). We are planning to elucidate the role of staphylococcal
enterotoxin C in Th2 polarization and host resistance to S.
aureus infection. Whereas IFN-␥ is well known to be a key
mediator in various immune responses, it is also reportedly
involved in the pathogenesis of infectious diseases such as
endotoxin shock (4, 14) and in the severity of gram-negative
bacterial infections (20). More studies are necessary to clarify
the precise mechanism of IFN-␥ action in the pathogenesis of
S. aureus infection and its protective effects as a potential
immunotherapeutic agent against S. aureus sepsis.
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