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ABSTRACT Development of long-term memory is crucial for vaccine-induced adap-
tive immunity against infectious diseases such as Staphylococcus aureus infection.
Toxic shock syndrome toxin 1 (TSST-1), one of the superantigens produced by S. au-
reus, is a possible vaccine candidate against infectious diseases caused by this
pathogen. We previously reported that vaccination with less toxic mutant TSST-1
(mTSST-1) induced T helper 17 (Th17) cells and elicited interleukin-17A (IL-17A)-mediated
protection against S. aureus infection 1 week after vaccination. In the present study, we
investigated the host immune response induced by mTSST-1 vaccination in the memory
phase, 12 weeks after the final vaccination. The protective effect and IL-17A production
after vaccination with mTSST-1 were eliminated because of IL-10 production. In the pres-
ence of IL-10-neutralizing monoclonal antibody (mAb), IL-17A production was restored
in culture supernatants of CD4� T cells and macrophages sorted from the spleens of
vaccinated mice. Vaccinated mice treated with anti-IL-10 mAb were protected against
systemic S. aureus infection in the memory phase. From these results, it was suggested
that IL-10 produced in the memory phase suppresses the IL-17A-dependent vaccine ef-
fect through downregulation of IL-17A production.
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Staphylococcus aureus, a Gram-positive extracellular bacterium, remains one of the
most frequent causes of infectious diseases. The diseases caused by this bacterium

range from superficial skin infections to life-threatening conditions such as bacteremia,
endocarditis, pneumonia, and toxic shock syndrome (TSS) (1). Treatment of S. aureus
infections has been increasingly difficult because methicillin-resistant S. aureus (MRSA)
strains with resistance to clinically relevant antibiotics have emerged worldwide (2).
Therefore, development of effective vaccines to prevent S. aureus infection is urgently
needed.

There have been many studies on development of vaccines against S. aureus
infection which target bacterial surface components and virulence factors, including
capsular polysaccharides, surface antigens, alpha-hemolysin, and Panton-Valentine
leucocidin (3). Although the induction of antibody production has been shown to be a
critical marker for vaccine efficacy against S. aureus infection, recent studies indicate
that T helper 17 (Th17) cell-mediated immunity is important for host defense against
this bacterium (3, 4). It has been evidenced that Th17 cells play a critical role in
protection against infection with extracellular pathogens, including S. aureus (5, 6),
Klebsiella pneumoniae (7), Streptococcus pyogenes (8), and Candida albicans (9), through
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the production of interleukin-17 (IL-17), which induces chemokine-mediated effective
recruitment of neutrophils (10, 11).

Among staphylococcal virulence factors, toxic shock syndrome toxin 1 (TSST-1) is a
possible vaccine candidate against S. aureus infection. TSST-1 is one of the superanti-
gens produced by pathogenic strains of S. aureus and is recognized as an important
factor causing staphylococcal TSS, which manifests as fever, rash, desquamation, and
hypotension (12). Although the prevalence of TSST-1-producing MRSA isolates varies
among countries and areas, a majority of MRSA strains isolated from Japanese hospitals
have been reported to carry the TSST-1-encoding gene (tst) (13–16).

TSST-1 with a histidine-to-alanine mutation at residue 135 (mutant TSST-1 [mTSST-
1]) has been shown to be less toxic, as revealed by in vitro and in vivo experiments in
which mTSST-1 showed less superantigenic activity and toxicity in an animal model
(17–19). Vaccination with mTSST-1 induced a protective effect against a lethal chal-
lenge with recombinant TSST-1 potentiated with lipopolysaccharide or lethal S. aureus
infection (20, 21). We previously reported that vaccination with mTSST-1 induced
differentiation of Th17 cells and that mTSST-1-vaccinated mice produced a significant
amount of IL-17A by Th17 cells but not IL-17-producing CD4� T cell receptor ��-
positive (TCR���) cells after challenge with S. aureus 1 week after the final vaccination
(22). Moreover, vaccinated wild-type but not IL-17-deficient mice elicited protection
against systemic S. aureus infection by inducing the recruitment of neutrophils and
macrophages to the infectious foci (22).

Development of long-term memory is crucial for vaccine-induced adaptive immu-
nity. Th1 and Th2 lineages are mutually exclusive and stable in their phenotypes
and functions. However, plasticity of the Th17 lineage has been argued. For instance,
tuberculosis subunit vaccine-induced Th17 memory cells exhibit lineage stability by
retaining both phenotypic and functional properties for nearly 2 years in mice (23). It
was also reported that Th17 cells are comparatively stable and retain the potential to
produce IL-17 in the environment of allergic inflammation (24). In contrast to these
reports, it was documented that Th17 cells exhibit a great degree of plasticity, which
allows functional adaptation to various physiological situations, acquiring the capacity
to produce gamma interferon (IFN-�) or IL-10 as well as IL-17 or completely altering
profiles of cytokine production (25–28). Therefore, it is not clear whether Th17 cells are
stable and terminally differentiated or exhibit considerable plasticity.

In this study, we investigated the functional properties of Th17 cells and the
protective effect against S. aureus infection induced by mTSST-1 vaccination in the
memory phase, 12 weeks after the final vaccination. The protective effect of vaccination
with mTSST-1 was eliminated because of IL-10 production. The protective effect was
recovered by blockade of IL-10. We demonstrate that Th17-mediated adaptive protec-
tion against systemic S. aureus infection is masked by a change to an IL-10-dominant
response in the memory phase during vaccination with mTSST-1.

RESULTS
Altered cytokine profile in spleen cells of mTSST-1-vaccinated mice in the

memory phase. We previously reported that vaccination with mTSST-1 induced
antigen-specific Th17 cells 1 week after the final vaccination in mice (22). However,
Th17 cell subpopulations were reported to display a high grade of plasticity and enter
the memory pool less efficiently (25–28). Hence, we evaluated cytokine profiles of
spleen cell cultures stimulated with mTSST-1 2 weeks and 12 weeks after the final
vaccination. The level of IL-17A but not IL-10 production was higher in the culture
supernatants of spleen cells of mTSST-1-vaccinated mice than in those of nonvacci-
nated mice 2 weeks after the final vaccination (Fig. 1A). Twelve weeks after the final
vaccination, IL-10 production was significantly augmented by stimulation with mTSST-1
in the spleen cell cultures of vaccinated mice (Fig. 1B). In contrast, the production of
neither IL-17A nor IFN-� was upregulated by mTSST-1 stimulation (Fig. 1B). These
results suggested that the production of IL-10 is induced instead of IL-17A by the
specific antigen in the memory phase of vaccination with mTSST-1.
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Augmented IL-10 production but not IL-17 production in memory T cells of
mTSST-1-vaccinated mice. To investigate the cellular source of IL-10, flow cytometric
analysis was performed using spleen cells isolated from mTSST-1-vaccinated mice in the
memory phase. The spleen cells were obtained 12 weeks after the final vaccination and
stimulated with p-phorbol-12-myristate-13-acetate (PMA) and ionomycin. The stimu-
lated cells were gated on CD4 and then gated on CD44 and CD62L. A large amount of
CD4� CD44� CD62low effector memory T (TEM) cells was observed in the spleens of the
vaccinated mice, whereas only a small population of CD4� CD44� CD62high central
memory T (TCM) cells was detected (Fig. 2A). Flow cytometric analysis showed that the
population of IL-17A-producing memory Th cells in the spleens of mTSST-1-vaccinated
mice was similar to that in nonvaccinated mice, whereas IL-10-producing memory Th
cells were increased in the vaccinated mice (Fig. 2B to D). To determine whether the
source of IL-10 is associated with macrophages, flow cytometric analysis using a
macrophage marker was performed. Spleen cells obtained from vaccinated or nonvac-
cinated mice 12 weeks after the final vaccination were stimulated with mTSST-1. Flow
cytometric analysis revealed that the ratio of IL-10-producing F4/80� macrophages in
the spleens of vaccinated mice was similar to that in nonvaccinated mice (Fig. 2E and
F). Although the spleen contains several other immune cells that are capable of IL-10
production, such as B, NK, and NKT cells (29, 30), our results suggested that TEM cells are
one of the major IL-10-producing populations in the memory phase of mTSST-1
vaccination.

Cytokine mRNA expression in the spleen and liver of mTSST-1-vaccinated and
S. aureus-infected mice in the memory phase. mTSST-1-vaccinated and nonvacci-
nated mice were infected with S. aureus in the memory phase, and cytokine mRNA
expression was measured 24 h after infection. As shown in Fig. 3, IFN-� mRNA expression
in the spleens of mTSST-1-vaccinated mice was comparable to that in nonvaccinated mice.
The IFN-� mRNA expression level in the livers of vaccinated mice was lower than that in
nonvaccinated mice. IL-17A mRNA expression in the spleens and livers of vaccinated
mice was similar to that in nonvaccinated mice. On the other hand, the IL-10 mRNA
expression level in the spleens and livers of mTSST-1-vaccinated mice was higher than
that in nonvaccinated mice.

FIG 1 Cytokine responses in spleen cells of mTSST-1-vaccinated mice in the effector phase and the
memory phase. Mice were vaccinated with mTSST-1 plus alum (white bars) or alum only (gray bars).
Spleen cells of both groups of mice were prepared 2 weeks (A) and 12 weeks (B) after the final
vaccination. These cells were stimulated with mTSST-1. Concentrations of IL-17A, IFN-�, and IL-10 in
the culture supernatants were quantified by an ELISA. Data in panel A are expressed as medians �
interquartile ranges for a group of 4 mice from 2 independent experiments. Data in panel B are
expressed as medians � interquartile ranges for a group of 6 mice from 2 independent experiments
(B). An asterisk represents a statistically significant difference from the nonvaccinated group at a P
value of �0.05.
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Impaired host resistance of mTSST-1-vaccinated mice against systemic S. au-
reus infection in the memory phase. We reported previously that vaccination with
mTSST-1 elicited Th17-dependent and IL-17-mediated host defense against systemic S.
aureus infection 1 week after the final vaccination (22). However, IL-17 production was
downregulated and IL-10 production was upregulated in mTSST-1-vaccinated mice 12
weeks after the final vaccination (Fig. 1 to 3). Hence, we evaluated whether the
protective effect of mTSST-1 vaccination is maintained in the memory phase. IL-17A-
deficient and wild-type mice were vaccinated with mTSST-1 and infected with 1 � 108

CFU of S. aureus intravenously 12 weeks after the final vaccination, and their survival
rates were observed for 14 days. Most of the mTSST-1-vaccinated wild-type mice and
IL-17A-deficient mice died, as did the nonvaccinated wild-type mice and IL-17A-
deficient mice, until day 14 after infection (Fig. 4A). Next, mice were infected with 5 �

107 CFU of S. aureus intravenously 12 weeks after the final vaccination to assess
bacterial elimination from the spleens and livers. The bacterial numbers in the organs
were comparable among these 4 groups on day 3 after infection (Fig. 4B). These results

FIG 2 IL-17A and IL-10 production by CD4� T cells and macrophages of mTSST-1-vaccinated mice in the
memory phase. Mice were vaccinated with mTSST-1 plus alum or alum only. The spleen cells of both
groups of mice were prepared 12 weeks after the final vaccination. (A) Spleen cells were gated on CD4
and then gated on CD44 and CD62L. SSC, side scatter. (B) Intracellular IL-17A or IL-10 expression in CD4�

CD44� T cells of vaccinated mice or nonvaccinated mice was assessed by flow cytometry. Data are
displayed in an overlay histogram. Black tracings represent nonstimulated or PMA- and ionomycin
(Iono)-stimulated CD4� CD44� T cells in the spleens of vaccinated mice. Gray-shaded histograms
represent PMA- and ionomycin-stimulated CD4� CD44� T cells of nonvaccinated mice. (C) Frequencies
(indicated by circles) of IL-17A� cells and IL-10� cells in CD4� CD44� T cells. Horizontal lines indicate
group means. Each result represents data for a group of 3 mice. (D) Mean fluorescence intensities (MFI)
(indicated by circles) of IL-17A� cells and IL-10� cells in CD4� CD44� T cells. Horizontal lines indicate
group means. (E) F4/80� IL-10� cells in spleen cells of vaccinated mice and nonvaccinated mice were
assessed by flow cytometry. The results shown are representative of data from experiments. (F)
Frequencies (indicated by circles) of F4/80� IL-10� cells. Each result represents data for a group of 3 mice.
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demonstrated that IL-17-mediated protective immunity by vaccination with mTSST-1 is
not elicited in the memory phase.

Neutralization of IL-10 enhances IL-17 production in CD4� cells of mTSST-1-
vaccinated mice. IL-10 has been known to suppress Th cell responses (31–34). To
evaluate whether IL-10 is involved in the decreased IL-17 production by CD4� cells of
mTSST-1-vaccinated mice, CD4� cells and macrophages of mTSST-1-vaccinated or
nonvaccinated mice were obtained 12 weeks after the final vaccination and stimulated
with mTSST-1 in the presence of anti-IL-10 monoclonal antibody (mAb) or normal rat
globulin (NRG). Although anti-IL-10 mAb failed to affect IL-17 production under con-
ditions without mTSST-1 stimulation, IL-17 production in the culture supernatant of
CD4� cells and macrophages of the vaccinated but not the nonvaccinated mice was

FIG 3 Cytokine mRNA expression in the spleens and livers of mTSST-1-vaccinated mice in the memory phase.
Wild-type (WT) and IL-17A knockout (IL-17AKO) mice were vaccinated with mTSST-1 plus alum (white bars) or alum
only (gray bars). The spleens and livers of both groups of mice were excised 24 h after infection. Total mRNA was
extracted, and IL-17A, IFN-�, and IL-10 mRNA expression in the organs was measured as described in Materials and
Methods. Data are expressed as medians � interquartile ranges for a group of 8 mice from 2 independent
experiments. An asterisk represents a statistically significant difference from the nonvaccinated group at a P value
of �0.05.

FIG 4 Survival rates and bacterial numbers in the organs of vaccinated or nonvaccinated wild-type and
IL-17A-deficient mice in the memory phase. Wild-type and IL-17A-deficient mice were vaccinated with
mTSST-1 plus alum or alum only. These mice were infected with S. aureus 12 weeks after the final
vaccination. (A) Deaths of mice were observed for 14 days after infection. Each result represents data for
a group of 10 mice from 2 independent experiments. (B) Bacterial numbers in the spleens and livers of
vaccinated (open boxes) and nonvaccinated (shaded boxes) mice were determined on day 3 after
infection. Each result represents data for a group of 8 mice from 2 independent experiments. Data are
presented as box plots, with the boxes representing the interquartile ranges. The median value is
represented by the line across each box.
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significantly augmented by stimulation with mTSST-1 in the presence of anti-IL-10 mAb
(Fig. 5). These results indicated that the diminution of the IL-17A response in the
memory phase is not due to a disappearance or unresponsiveness of IL-17A-producing
cells, but the IL-17A response is suppressed by the superior production of IL-10 which
is produced after stimulating the cells with mTSST-1.

Neutralization of IL-10 restores IL-17A mRNA expression in the spleens of
mTSST-1-vaccinated mice after S. aureus infection. Twelve weeks after the final
vaccination, mTSST-1-vaccinated and nonvaccinated mice were administered either
anti-IL-10 mAb or NRG and infected with S. aureus 24 h after administration. Spleens of
the infected mice were taken 24 h after infection. Anti-IL-10 mAb administration failed
to enhance IFN-� mRNA expression in the spleens of both vaccinated and nonvacci-
nated wild-type mice (Fig. 6A). On the other hand, IL-17A mRNA expression was
restored by anti-IL-10 mAb administration in the spleens of mTSST-1-vaccinated but not
in nonvaccinated mice (Fig. 6B).

Neutralization of IL-10 restores the protective effect of mTSST-1 vaccination
against systemic S. aureus infection in the memory phase. As neutralization of IL-10
by the corresponding mAb restored IL-17 production and mRNA expression in mTSST-
1-vaccinated mice in vitro and in vivo (Fig. 5 and 6), we investigated whether the
administration of neutralizing anti-IL-10 mAb is able to restore IL-17-mediated host
defense against systemic S. aureus infection. Twelve weeks after the final vaccination
with mTSST-1, the mice were administered anti-IL-10 mAb or NRG and then challenged
with S. aureus 24 h later. The survival rate of the vaccinated and anti-IL-10 mAb-
administered mice was 66.7% 14 days after challenge, whereas that of the vaccinated
and NRG-administered mice and the nonvaccinated and anti-IL-10 mAb-injected mice

FIG 5 IL-17A production by CD4� T cells of mTSST-1-vaccinated mice in the presence of anti-IL-10 mAb.
CD4� T cells and F4/80� macrophages of vaccinated (open bars) and nonvaccinated (shaded bars) mice
12 weeks after the final vaccination were sorted and incubated with mTSST-1 in the presence of
anti-IL-10 mAb or NRG for 48 h. IL-17A concentrations in the cell culture supernatants were quantified
by ELISAs. Data are expressed as medians � interquartile ranges for a group of 4 to 6 mice from 2
independent experiments. An asterisk represents a statistically significant difference from the nonvac-
cinated group at a P value of �0.05.

FIG 6 Cytokine mRNA expression in spleens of mTSST-1-vaccinated and anti-IL-10 mAb-treated mice
after S. aureus infection in the memory phase. Wild-type mice were vaccinated with mTSST-1 plus alum
(white bars) or alum only (gray bars). Twelve weeks after the final vaccination, mice were treated with
anti-IL-10 mAb or NRG 1 day before infection. Spleens were excised 24 h after infection. Total mRNA was
extracted, and IFN-� (A) and IL-17A (B) mRNA expression levels in the spleens were measured as
described in Materials and Methods. Data are expressed as medians � interquartile ranges for a group
of 8 mice from 2 independent experiments. An asterisk represents a statistically significant difference
from the nonvaccinated group at a P value of �0.05.
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was 16.7% equally (Fig. 7A). The bacterial numbers in the spleens and livers were also
determined on day 3 after infection. Numbers of S. aureus cells in the spleens and livers
of the vaccinated and anti-IL-10 mAb-administered mice were reduced significantly,
compared with those in the mTSST-1-vaccinated and NRG-administered mice and the
nonvaccinated and anti-IL-10 mAb-administered mice (Fig. 7B). The survival rate of the
vaccinated wild-type mice was improved by the administration of anti-IL-10 mAb,
whereas that of the IL-17A-deficient vaccinated mice was not (Fig. 7C). These results
suggested that the IL-17A-mediated protective effect in mTSST-1-vaccinated mice is
suppressed by the superiorly produced IL-10 in the memory phase.

DISCUSSION

There has been a consensus that antibodies complete host defense against S.
aureus infection in adaptive immunity. This concept was overlooked by a recent
paper concerning immunity to S. aureus (35). Our previous study showed that vacci-
nation with mTSST-1 or the fibrinogen-binding domain of clumping factor A provided
protection against lethal S. aureus infection but that only antibody failed to give
complete protection (21, 36). Similar results were shown for other potential vaccines for
S. aureus infection, including iron-regulated surface determinant B (V710 vaccine) and
C. albicans adhesion agglutin-like sequence 3 protein (37–40). Alternatively, these
studies suggested that Th17 response-mediated protective immunity plays a critical
role in vaccine effectiveness against S. aureus infection.

We previously reported that vaccination with mTSST-1 induced Th17 cells and
elicited IL-17-mediated immune responses to S. aureus systemic infection 1 week after
the final vaccination (22). However, Th17 cells have been shown to exhibit a high
degree of plasticity and may not stably maintain their function to produce lineage-

FIG 7 Effect of anti-IL-10 mAb administration on survival rates and bacterial numbers in the organs of
mTSST-1-vaccinated mice in the memory phase. Mice were vaccinated with mTSST-1 plus alum or alum
only. Both groups of mice were administered anti-IL-10 mAb or NRG 12 weeks after the final vaccination
and then infected with S. aureus 24 h later. (A) The deaths of mice were observed for 14 days after
infection. Each result represents data for a group of 9 mice from 2 independent experiments. (B) Bacterial
numbers in the spleens and livers of vaccinated (open boxes) and nonvaccinated (shaded boxes) mice
were determined on day 3 after infection. Each result represents data for a group of 8 to 9 mice from 3
independent experiments. Data are presented as box plots, with the boxes representing the interquartile
ranges. The median value is represented by the line across each box. (C) mTSST-1-vaccinated wild-type
and IL-17A knockout mice were administered anti-IL-10 mAb or NRG 12 weeks after the final vaccination
and then infected with S. aureus 24 h later. Each result represents data for a group of 8 to 9 mice from
2 or 3 independent experiments. An asterisk represents a statistically significant difference at a P value
of �0.05.
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specific cytokines (25–27). These studies raise the question of whether a long-term
Th17-based vaccine is able to be established or not. Hence, we evaluated IL-17A
production in the spleen cells of mTSST-1-vaccinated mice in the effector phase 2
weeks after the final vaccination and in the memory phase 12 weeks after the final
vaccination. Although these cells produce a large amount of IL-17A in the effector
phase (Fig. 1A), the spleen cells of vaccinated mice failed to produce IL-17A in the
memory phase (Fig. 1B). These results suggested that the Th response of mTSST-1-
vaccinated mice fails to stably maintain its function to produce IL-17 in the memory
phase.

Memory CD4� T cells are subdivided into TEM cells and TCM cells. TEM cells, which
show low surface expression levels of CD62L, are subsequently recruited to the
infection sites to combat microbial infections. In contrast, TCM cells express CD62L
highly on the cell surface and expand in lymphoid tissues after restimulation with the
antigen (41). Vaccine-specific CD4� T cells have been reported to consist mainly of the
TEM type, whereas bystander memory T cells mainly exhibit a TCM phenotype (42).
Consistent with data from this report, the CD4� CD44� memory T cell subset in the
spleen of mTSST-1-vaccinated mice mainly expressed a low level of CD62L (Fig. 2A),
which correlates with the TEM phenotype.

It was reported previously that IL-17 was released by CD8� cells and that �� T cells
were a significant source of IL-17 (43). However, our previous study revealed that
mTSST-1 vaccination did not induce IL-17A-producing �� T cells in mice (22). Our
present results suggested that TEM cells induced by mTSST-1 vaccination might be the
major IL-17A-producing cells, although there is a possibility that other cells, such as
CD8� T cells, also produce IL-17A. Moreover, we also show that these TEM cells exhibit
plasticity that fails to continue the stable maintenance of their function to produce
IL-17A.

It was suggested previously that in vivo- but not in vitro-generated Th17 cells retain
their phenotype (23). Th17 cells generated in vitro were converted into Th1 or Th2 cells
in response to IL-12 and IL-4, respectively, whereas in vivo-generated Th17 cells were
stable, and their phenotype was regulated by neither IL-12 nor IL-4 (44). In contrast,
Th17 cells under chronic inflammatory conditions of experimental autoimmune en-
cephalomyelitis reportedly produce IFN-� but not IL-17A (28). In addition, Th17 cells in
the memory phase of acute cutaneous infection with C. albicans produce neither IFN-�
nor IL-17A (28). Both in vivo-primed C. albicans- and S. aureus-specific memory Th17
cells downregulate IL-17A production, whereas S. aureus-specific clones upregulate
IL-10 production by restimulation, and the increased amount of IL-10 produced in
memory T cells is significantly inhibited by IL-1� (27). In the present study, it is possible
that TEM cells induced by mTSST-1 vaccination altered their phenotype in the memory
phase to produce a significant amount of IL-10 but not IL-17A (Fig. 2B to D). In the in
vitro human system, Zielinski et al. demonstrated that S. aureus-specific memory Th17
cells show a marked induction of IL-10 and reduced expression of IL-17 5 days after
restimulation, but the levels of these cytokines reverse after extended incubation
beyond 5 days (27). In our hands, this possibility is not conceivable because the survival
rates of mTSST-1-vaccinated and nonvaccinated mice were similar for 14 days after
infection (Fig. 4A).

Spleen cells of nonvaccinated mice produced levels of IL-10 similar to those in
mTSST-1-vaccinated mice by stimulation with mTSST-1 2 weeks after the final vaccina-
tion (Fig. 1A), while the level of IL-10 production in the spleen cells of the vaccinated
mice was higher than that in the nonvaccinated mice in the memory phase (Fig. 1B).
Spleen cells include several types of IL-10-producing immune and nonimmune cells,
such as CD8� cells, B cells, and endothelial cells (29, 30). Although the involvement of
other cell types excluding TEM cells and macrophages was not investigated in our study,
specific TEM cells are suggested to be one of the major populations of IL-10-producing
cells in the memory phase of mTSST-1 vaccination.

IL-10 has been reported to modulate the host immune response during S. aureus
infection, such as downregulation of the adaptive Th17 responses and suppression of
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macrophage and neutrophil migration and functions (31). The elevated IL-10 level
allows S. aureus to spread and cause severe invasive infections (32). IL-10 produced by
neutrophils specifically targets IL-10 receptor � (IL-10R�)-expressing Th17 cells, and
IL-17A production is shut down in mycobacterial infection (33). IL-17A-producing CD4�

T cells express IL-10R�, and both Th17 and Th1 cells are controlled in an IL-10-
dependent manner during intestinal inflammation (34). In the present study, IL-17A
production was upregulated in the cultures of CD4� T cells and macrophages of
vaccinated mice by stimulation with mTSST-1 in the presence of anti-IL-10 mAb (Fig. 5).
IL-10-producing cells in the memory phase of mTSST-1-vaccinated mice were not
macrophages, but TEM cells were one of the major populations of IL-10-producing cells
(Fig. 2). Thus, it is possible that IL-10 produced by mTSST-1-specific TEM cells down-
regulates IL-17A production through autocrine signaling via their IL-10R.

Consistent with the restored ability of TEM cells to produce IL-17A by neutralizing
IL-10 in vitro (Fig. 5), IL-17A mRNA expression in the spleens of mTSST-1-vaccinated
mice was increased by injection of anti-IL-10 mAb but not NRG after S. aureus infection
(Fig. 6), and vaccination with mTSST-1 elicited a protective effect in anti-IL-10 mAb-
injected wild-type but not IL-17A-deficient mice during the memory phase (Fig. 7). It
was reported previously that Th17 cells can transdifferentiate into regulatory T (Treg)
cells (45). However, upregulation of Foxp3, the master gene of Treg cells, was not
observed in the spleen cells of mTSST-1-vaccinated mice 12 weeks after the final
vaccination (data not shown), indicating that IL-10 production might not be due to Treg
cells, which are transdifferentiated from Th17 cells.

In the present study, we demonstrate that the mTSST-1-induced protective effect
was abrogated due to a reduced function of TEM cells to produce IL-17 in the memory
phase. It was suggested that IL-10 produced by memory Th17 cells suppressed their
ability to produce IL-17 through an autocrine mechanism and that blockade of IL-10
restored IL-17 production in memory Th17 cells and IL-17-mediated protection against
systemic S. aureus infection. These findings would be useful for the development of
successful Th17-based vaccines against infectious diseases from the viewpoint of IL-10
blockade.

MATERIALS AND METHODS
Animals. C57BL/6 mice purchased from Clea Japan, Tokyo, Japan, and IL-17A gene-deficient mice on

a C57BL/6 background (46) were used in this study. Mice were maintained under specific-pathogen-free
conditions at the Institute for Animal Experimentation, Hirosaki University Graduate School of Medicine.
Food and water were given ad libitum. All animal experiments were carried out in accordance with the
Institutional Animal Care and Use Committees (IACUC)/ethics committees of Hirosaki University.

Expression and purification of mTSST-1. Expression and purification of mTSST-1 were performed
as described previously (21). Briefly, Escherichia coli DH5� cells harboring pGXmTST were cultured in 2�
YT medium, which contains 16 g/liter tryptone (BD Diagnostic Systems), 10 g/liter yeast extract (BD
Diagnostic Systems), 5 g/liter NaCl (Wako Pure Chemical Industries), and 100 �g/ml of ampicillin, at 37°C
with shaking. Next, isopropyl-1-thio-�-D-galactopyranoside was added to a final concentration of 0.5 mM
for inducing the expression of the glutathione S-transferase (GST)–mTSST-1 fusion protein. The bacteria
were cultured for an additional 3 h and harvested by centrifugation. The fusion protein was extracted
from bacterial pellets by using B-PER bacterial protein extraction reagent (Pierce, Rockford, IL). Purifica-
tion of the fusion protein and removal of the GST tag were performed by using bulk GST purification
modules (Amersham Pharmacia Biotech, Piscataway, NJ). The concentrations of mTSST-1 were deter-
mined by a Bradford assay (Bio-Rad Laboratories, Hercules, CA). The endotoxin content in the purified
materials was determined by a Limulus amebocyte lysate assay (Cape Cod Inc., Falmouth, MA). Th
endotoxin concentrations in mTSST-1 were less than 8.6 pg/�g.

Bacterial strain and culture conditions. S. aureus strain 834, a clinical sepsis isolate (47), was grown
in tryptic soy broth (BD Diagnostics Systems, Sparks, MD) for 15 h. The bacterial cells were harvested by
centrifugation, washed with sterile phosphate-buffered saline (PBS), and diluted with PBS to appropriate
cell concentrations as determined by spectrophotometry at 550 nm.

Vaccination and infection of mice. For vaccination, purified mTSST-1 was diluted in PBS and
emulsified at a 1:1 ratio in alum adjuvant (Pierce, Rockford, IL). Five- to eight-week-old wild-type and
IL-17A-deficient mice were subcutaneously injected with 200 �l of the emulsion containing 10 �g of
mTSST-1 or PBS as a control on days 0, 14, and 28. In some experiments, the vaccinated mice were
injected with 1 mg of rat anti-IL-10 mAb intravenously 24 h before S. aureus infection. Anti-IL-10 mAb was
prepared from JES5-2A5 hybridoma cells as described previously (48). To determine the survival rate after
bacterial infection, the vaccinated mice were infected with 1 � 108 CFU of S. aureus per mouse
intravenously 2 weeks or 12 weeks after the final vaccination. Survival was monitored for 14 days. To
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estimate bacterial numbers in the organs, the vaccinated mice were challenged with 5 � 107 CFU of S.
aureus per mouse 12 weeks after the final vaccination. The number of viable S. aureus bacteria in the
organs was determined by preparing organ homogenates in PBS and plating 10-fold serial dilutions on
tryptic soy agar (BD Diagnostics Systems). Colonies were counted after 24 h of incubation at 37°C.

Cell culture. Spleens were collected from mice 2 weeks and 12 weeks after the final vaccination.
Spleen cells were obtained by squeezing the spleens in RPMI 1640 medium (Nissui Pharmaceutical Co.,
Tokyo, Japan) and filtering the cells through stainless steel mesh (size, 100). Erythrocytes were lysed with
0.85% NH4Cl. After washing 3 times with RPMI 1640 medium, the spleen cells were suspended at a
concentration of 2 � 106 cells/ml in RPMI 1640 medium supplemented with 10% fetal calf serum (JRH
Biosciences, Lenexa, KS), 1% L-glutamine (Wako Pure Chemical Industries, Osaka, Japan), 100 U per ml of
penicillin G, and 100 �g per ml of streptomycin and incubated in a 24-well culture plate. For cytokine
assays, the spleen cells were incubated at 37°C in the presence of 0.1 �g/ml of mTSST-1 for 48 h. In some
experiments, CD4� cells and macrophages were stimulated with 0.1 �g/ml of mTSST-1 in the presence
of 10 �g/ml rat anti-IL-10 mAb or NRG at 37°C for 48 h (49). The culture supernatants were harvested and
stored at �80°C until the cytokine assays were performed.

Cytokine assays. IFN-�, IL-10, and IL-17A were quantified by double-sandwich enzyme-linked
immunosorbent assays (ELISAs). IFN-� was quantified as described previously (25). IL-10 and IL-17A were
quantified using an IL-10 mouse antibody pair (Thermo Fisher Scientific, Waltham, MA) and an IL-17 ELISA
(Bender MedSystems GmbH, Vienna, Austria), respectively.

Intracellular cytokine staining, flow cytometric analysis, and cell sorting. Spleen cells of vacci-
nated and nonvaccinated mice were prepared 12 weeks after the final vaccination. For flow cytometric
analysis of cytokine production in the memory T cell population, the spleen cells were stimulated with
50 ng/ml of PMA (Sigma-Aldrich, St. Louis, MO) and 1 �g/ml of ionomycin (Sigma-Aldrich) at 37°C. For
analysis of IL-10 production in macrophages, spleen cells were stimulated with 0.1 �g/ml of mTSST-1.
GolgiStop containing monensin (BD Biosciences, San Jose, CA) was added 2 h later. At 6 h of cell
stimulation, the cell surface was stained with fluorescein isothiocyanate (FITC)-conjugated anti-CD4 mAb
(RM4-5), phycoerythrin (PE)-Cy7-conjugated anti-CD44 mAb (IM7), and allophycocyanin (APC)-
conjugated anti-CD62L mAb (MEL-14) (eBioscience, San Diego, CA) or FITC-conjugated anti-F4/80 mAb
(CI:A3-1) (BD Biosciences) for 30 min at 4°C. Next, intracellular staining was performed according to the
manufacturer’s instructions. Briefly, 1 ml of Cytofix/Cytoperm solution (BD Biosciences) was added to a
cell suspension with mild mixing and placed for 15 min at 4°C. The fixed cells were washed with 1 ml of
BD Perm/Wash solution twice and stained intracellularly with peridinin chlorophyll protein (PerCP)-Cy5.5-
conjugated anti-mouse IL-10 mAb (JES5-16E3; eBioscience) or PE-conjugated anti-mouse IL-17A mAb
(TC11-18H10; BD Biosciences) for 30 min at 4°C. The stained cells were analyzed on a FACSAria
instrument (BD Biosciences). Isotype controls were used to set gates. The data were analyzed with BD
FACSDiva software (BD Biosciences). CD4� cells and F4/80� cells were sorted from the spleen cells of
mTSST-1-vaccinated or nonvaccinated mice using the FACSAria instrument. The sorted cells were used
for cell culture. For flow cytometric cell sorting of CD4� cells and F4/80� cells, spleen cells were prepared
12 weeks after the final vaccination and stained with FITC-conjugated anti-CD4 mAb (RM4-5) or
FITC-conjugated anti-F4/80 mAb as described above. The stained cells were suspended in sorting buffer
(1 mM EDTA and 2% bovine serum albumin in PBS). CD4� cells and F4/80� cells were sorted using the
FACSAria instrument. The sorted cell subsets were used for cell culture.

Real-time reverse transcription-quantitative PCR. Spleens and livers of wild-type and IL-17A-
deficient mice were taken 24 h after S. aureus infection. Real-time reverse transcription-quantitative PCR
(RT-PCR) was performed as described previously, using the following PCR primers (35): forward primer
5=-AGCGGCTGACTGAACTCAGATTGTAG-3= and reverse primer 5=-GTCACAGTTTTCAGCTGTATAGGG-3= for
IFN-�, forward primer 5=-GCTCCAGAAGGCCCTCAGA-3= and reverse primer 5=-AGCTTTCCCTCCGCATTG
A-3= for IL-17A, forward primer 5=-GCAGGGGCCAGTACAGCCGGGA-3= and reverse primer 5=-CCTCAGCC
GCATCCTGAGGGTC-3= for IL-10, and forward primer 5=-TGAAGGTCGGTGTGAACGGATTTGG-3= and re-
verse primer 5=-ACGACATACTCAGCACCAGCATCAC-3= for glyceraldehyde-3-phosphate dehydrogenase
(GAPDH).

Statistical analysis. Data for bacterial counts are presented as box plots. Boxes represent the
interquartile ranges, and the whiskers indicate the ranges of all the data. The median value is represented
by a line across each box. Data for cytokine production and percentages of cell populations quantified
by flow cytometry are expressed as medians � interquartile ranges. Statistical analyses were performed
via a Mann-Whitney U test. For survival experiments, the Kaplan-Meier method was used to obtain
survival fractions, and significance was determined by a log rank test. A P value of �0.05 was considered
significant.
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