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Abstract　To develop a Staphylococcus aureus vaccine, we constructed and expressed a non-toxic mutant staphylococcal 
enterotoxin C （mSEC） and investigated whether immunization with mSEC can protect against S. aureus infection.  Mice 
were immunized with mSEC and challenged with viable S. aureus. Bacteria counts in the organs in mSEC-immunized 
mice were significantly lower and the survival rate was higher than those of the control group. mSEC vaccination 
induced the production of T-helper 2 type antibodies.  The production of interleukin-10 （IL-10） and IL-4 in vaccinated 
mice was signifi cantly higher compared with the control group, whereas the production of gamma interferon （IFN-γ. ） 
was signifi cantly decreased in the vaccinated mice. Furthermore, IFN-γ.  and tumor necrosis factor-α

・
 production in vitro 

was signifi cantly inhibited by the sera from mSEC-vaccinated mice but not by those from control mice. These results 
suggest that vaccination with mSEC provides protection against S. aureus infection.  SEC neutralizing antibodies and the 
IL-10 and IL-4 induction might play important role for the protection. 
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　 Staphylococcal enterotoxins （SEs）, bacterial 
superantigenic proteins, produced by S. aureus 
play important roles in establ ishing and 
maintaining infections1）.  SEC is commonly 
produced among invasive S. aureus isolates, 
especially methicillin-resistant S. aureus （MRSA） 
strains, and can cause severe pathologies. 
Previous studies have reported that the majority 
of MRSA in the United States produce SEC or 
SEB in very high concentrations. The majority 
of S. aureus isolates from bovine mastitis also 
produce large amounts of SEC2-4）.  It has a 
significant economic impact on health care and 
dairy industry.  To prevent S. aureus infection, 
there is considerable need to develop vaccines 
and therapeutic approaches capable of eliminating 
their toxicity.
　 Fields et al. 5）  have reported the crystal 
structure of SEC complex with a T-cell receptor 

（TCR） β-chain, and showed that SEC2 and 

SEC3 bind in an identical way to the TCR 
β-chain.  Recent studies demonstrated that 
several residues of SEC, including T20, N23, 
Y90, K103 and Q210, for binding to TCR and are 
important for superantigenicity5-8）.  Several reports 
have described toxicity and biological activity 
of wild type and mutant SEA, SEB and toxic 
shock syndrome toxin 1 （TSST-1）, and showed 
that genetically altered SEA and SEB were 
immunogenic in mice and rhesus monkeys9-12）．  
Immunization with recombinant or mutant SEA, 
SEB and TSST-1 could elicited neutralizing 
antibodies against wild type of SEs and protect 
mice or rabbits against lethal shock induced by 
the wild type of their superantigenic toxins9,11,13-15）. 
　 In this study, we prepared a single mutant 
SEC （mSEC） that was devoid of superantigenic 
activity, and investigated whether vaccination 
with mSEC could protect against S. aureus 
infection in a mouse model .  The results 
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demonstrate that immunization with mSEC gives 
rise to protection against the bacterial infection. 
In addition, our studies show that the protection 
is mediated by SEC-specif ic neutra l izing 
antibody, induction of IL-10 and IL-4, and down-
regulation of IFN-γ production.
　S. aureus strain 834, a clinical septic isolate 
that expresses SEC2 and TSST-116）, was cultured 
at 37 ℃ in tryptic soy broth for 15 h, then 
collected by centrifugation and washed with 
sterile 0.01 M phosphate-buffered saline （PBS）． 
The washed bacteria were diluted with PBS, 
and adjusted spectrophotometrically at 550 nm 
to the appropriate concentration. S. aureus FRI 
361 expressing SEC2 was inoculated to 5 ml of 
soybean-casein-digest broth, and grown overnight 
at 37 ℃ with shaking （110 rpm）. Escherichia coli 
DH5α （Toyobo Biochem.） and E. coli NM522 
mutS （Amersham Pharmacia Biotech., Inc.） 
strains were routinely grown in Luria broth 

（Becton） at 37 ℃ with shaking （110 rpm）. 
　 BALB/c mice were purchased from Clea 
Japan, Inc., Tokyo, Japan. The mice were housed 
in plastic cages under specific-pathogen-free 
conditions at the Institute for Experiments, 
Hirosaki University School of Medicine. All 
animal experiments were carr ied out in 
accordance with the Guidelines for Animal 
Experimentation of Hirosaki University.
　 In order to construct the recombinant SEC 

（rSEC） expression plasmids, PCR primers 
were designed to amplify the gene fragment 
corresponding to mature form of SEC （SEC2/
GST+, the sequence includes a 5' BamHI site; 
5'-CCCCGGATTCGAGAGCCAACCAGACCCTA 
CG: and SEC2/GST-, the sequence includes a 
5' EcoRI site; 5'-CCCCGAATTCTTATCCAT
TCTTTGTTGTAAGGT GG）.  The sec2 gene 
was amplified by PCR using Pyrobest DNA 
polymerase （Takara）, and sec2 fragment was 
then subcloned to pGEM3Zf（+）, and designated 
as pKOC2. The sec2 fragment was then digested 
from pKOC2 with BamHI and EcoRI and 

was subcloned into the pGEX-6P-1 glutathione 
S-transferase （GST） fusion expression vector. 
The resultant plasmid containing sec2 was 
named pKC2X1. Expression, purifi cation of GST-
fused rSEC, and the cleavage and removal of the 
GST tag from rSEC were performed according 
to Omoe et al.17）

　 For construction and expression of mSEC, 
a selection primer （5'-GCGTGACACCACG 
ATGCCCGCGGCAATGGCAACAACG） 
and a mutagenic primer （5'-CTGGTACGAT 
GGGTGCTATGAAATATTTATATG） were 
designed to change two oligonucleotides AAT 

（encoding for 23 asparagine in the N-terminal of 
SEC2 molecule） to GCT （alanine）.  Site-directed 
mutagenesis was performed according to Hu 
et al.18） Mutant DNA sequence was confirmed 
as described above. The asparagine-to-alanine 
mutant plasmid was identified as pGXmSEC, 
and transformed into E. coli DH5α.  Expression 
and purification of GST-fused mSEC, and the 
cleavage and removal of the GST tag from 
mSEC were performed as the method as rSEC.
　 Purifi ed mSEC was compared on Coomassie 
blue-stained SDS-PAGE with wild-type rSEC 
and showed the presence of a readily detectable 
purified protein band that co-migrated with 
purified rSEC.  The immunological reactivity 
of mSEC and rSEC with polyclonal rabbit 
anti-rSEC antibody was assayed by using 
gel immunodiffusion. The antibody reacted 
readily with purifi ed mSEC and rSEC, and the 
precipitation lines between mSEC and rSEC 
were united each other （data not shown）. These 
results indicate that mSEC retains the matched 
antibody-binding epitopes as wild type rSEC. 
To confi rm whether the superantigenic activity 
of the mSEC is deleted, the proliferation and 
cytokine production induced by mSEC and 
rSEC in mouse spleen cells were determined. 
Substantial amounts of cytokines were induced 
in the cell cultures at all concentrations of rSEC 
treated.  In contrast, mSEC had no detectable 
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or the lower IFN-γ, TNF-α and IL-2 production 
（Figure 1）.  These results indicated that the 
mSEC is significantly devoid of superantigenic 
activity. 
　 To further examine whether the toxicity of 
mSEC protein is also detected in vivo, the toxic 
effect of mSEC was tested in lipopolysaccharide 

（LPS）-potentiated mouse lethality model.  Mice 
were fi rst injected intraperitoneally with rSEC or 
mSEC diluted in PBS （0.1 to 20 μg per mouse）． 
The mice were injected again with 75 μg of 
LPS from E. coli O55: B5 （Sigma） 4 h later, and 
lethality was recorded over 72 h. The controls 
included animals given either SEC or LPS alone, 
and the survival was observed. In striking 
contrast to the 78% mortality rate of mice 
injected with 15 μg rSEC plus LPS, none of the 
mice died when they were given an equivalent 
dose of mSEC plus LPS （data not shown）.
　 We next investigated the protective eff ect of 

mSEC-vaccination against S. aureus infection. 
Purified rSEC or mSEC was dissolved in PBS 
and emulsifi ed 1:1 in alum adjuvant （Pierce）. Two 
hundred microliters of the emulsion containing 
10 μg of rSEC or mSEC, or alum alone, were 
injected at two subcutaneous sites on their 
backs.  Booster immunizations were performed 
2 and 4 weeks after the initial vaccination. The 
mice were challenged on day 7 after last booster 
with a lethal dose of S. aureus 834 by intravenous 
injection. Blood samples were obtained before 
and after bacterial challenge.  Bacteria in the 
spleen and liver were enumerated on day 3 after 
infection by preparing homogenates of these 
organs in PBS and by plating 10-fold serial 
dilutions on tryptic soy agar （Becton）.  Colonies 
were counted after 24 h of incubation at 37 ℃． 
There were signifi cantly fewer bacterial cells in 
the spleens and livers of mSEC-immunized mice 
than in the organs of control mice2.  For the 

Figure 1　Superantigenic activity of mSEC. Titers of IFN-γ（A）, TNF-α（B）, IL-2 
（C） and IL-10 （D） in supernatants of splenic cell cultures stimulated with 
rSEC or mSEC were measured by ELISAs. Each result is the mean±SD 
based on samples obtained from three to fi ve mice.

D-L. Hu, et al.
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survival of mice, on day 8 after challenge, 62.5% 
of the mice immunized with mSEC survived, and 
50% of mSEC-immunized group still survived 
on day 15 after infection.  Conversely all of the 
mice injected with alum alone died 8 days after 
bacterial challenge （Figure 2）.  In addition, we 
immunized with rSEC in the same way. The 
result also showed protective effect, while on 
day 12, only 37.5% of the mice survived. These 

results indicated that vaccination with mSEC 
provides protection against S. aureus infection.
　 Anti-SEC antibodies were measured by 
enzyme-linked immunosorbent assays （ELISAs） 
as described previously18）.  Serum samples were 
diluted with PBS （1:100） and then serial two-
fold dilution was performed.  The levels of 
Immunoglobulin G1 （IgG1）, IgG2a, IgG2b, IgG3, 
and IgM were expressed as maximal dilution 

Figure 2　Protective eff ect of vaccination with mSEC on host resistance against S. aureus 
infection. （A） Survival rates of immunized mice and control mice. Animals 
were immunized with mSEC or rSEC with alum or alum alone and were 
infected with 5 × 107 CFU of S. aureus on day 7 after last boost. The animals 
were monitored for 16 days postinfection. Data are mean±SD （n=16） of three 
independent experiments. （B） Bacteria numbers in the organs of immunized 
mice and control mice. Animals were immunized with rSEC or mSEC with 
alum or alum alone and then were infected with 5×107 CFU S. aureus on 
day 7 after last boost. The numbers of bacteria in the spleens and livers 
were determined on day 3 after infection. Results are representative of three 
experiments and data are mean ± SD based on fi ve mice. 



S 214

of sera. A strong IgG1 antibody response to 
SEC was seen in the sera obtained from mice 
immunized with mSEC or rSEC （Figure 3）. 
　 In contrast, sera from mice injected with 
alum only failed to react significantly to SEC. 
Interestingly, there were the higher level of IgG2b 
in the sera obtained from mSEC-vaccinated 
mice than that from rSEC-immunized group.  In 
contrast, the sera from mSEC-immunized mice 
showed the lower level of IgG3 than that from 
rSEC-immunized mice （Figure 3）.
　 To determine the neutralizing activity of 
anti-mSEC serum against cytokine production 
induced by rSEC in vitro, anti-mSEC serum 
or control serum was pre-incubated with 
rSEC at 37 ℃ for 1 h before the rSEC was 
added to the spleen cell cultures. After 72 h of 
incubation at 37 ℃ in a 5% CO2 incubator, the 
supernatants were collected and IFN-γ and 
TNF-α, which are commonly associated with 
superantigenic activity. Serum samples from 
the mice immunized with mSEC plus alum 
effectively inhibited IFN-γ （56%） and TNF-α 

（52%） production from murine spleen cells by 

SEC, relative to serum samples from the controls 
（18% and 25%）. These results suggest that the 
inhibition of inflammatory cytokine production 
may be involved in the protective eff ect obtained 
from immunization with mSEC.
　 The amounts of IFN-γ, TNF-α, IL-4 and IL-10 
in the supernatant of cell culture and sera of mice 
were determined by double-sandwich ELISAs 
as described previously16,19）. Organ extracts 
were prepared by centrifuging 10% （wt/vol） 
spleen and homogenized in RPMI 1640 medium 
containing 1% （wt/vol） 3-[（cholamidopropyl）
-demithylammonio]-1-propanesulfate （CHAPS; 
Wako） at 2,000 g for 20 min. IFN-γ production 
in the sera of mSEC-vaccinated mice peaked at 
12 h and decreased at 24 h of infection （Figure 
4）． The IFN-γ production in the sera from 
mSEC-vaccinated mice showed signifi cant lower 
levels than that in the sera from control mice. 
On the other hand, the titers of IL-10 and IL-4 
in the sera of mSEC-vaccinated mice increased 
from 4 h and 6 h, and were signifi cantly higher 
than those of control mice （Figure 4）.  These 
results indicated that mSEC-vaccination inhibited 

Figure 3　Antibody responses of mSEC-vaccinated mice. Animals were vaccinated with 
rSEC or mSEC with alum or alum alone and then were infected with 5×107 
CFU of S. aureus on day 7 after last boost. The serum samples were obtained 
on day 3 after infection. Anti-SEC-specifi c antibody titers were determined by 
ELISAs. Results are representative of three experiments and data are mean 
endpoint titers ± SD of samples from fi ve mice. The # marker indicates that a 
value is signifi cantly diff erent from the value obtained for the rSEC-immunized 
mice at P<0.05.

D-L. Hu, et al.
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IFN-γ production and induced IL-10 and IL-4 
production.
　 SEC, produced by pathogenic strains of S. 
aureus, especially clinic isolates of MRSA, is 
known for its involvement in TSS, persistent 
infection and causing bovine mastitis2,4 ,20,21）． 
Several residues of SEC for binding to TCR 
and are important for superantigenicity have 
demonstrated5-8）.  In the present study, we 
designed to change the N23 of SEC molecule to 
A23, and expressed a single site mutant SEC 
devoid of superantigenic activity. Our results 

showed that this mutant toxin, mSEC, is highly 
effective in inducing toxin-specific antibodies 
capable of neutra l izing superant igenicity, 
decreasing bacteria growth in organs and 
protect ing animals from letha l S . aureus 
infection. Recent studies have undertaken the 
development of toxoid vaccines that may protect 
against the immunobiological eff ects of pyrogenic 
toxic superantigens, included SEs, TSST-1 and 
streptococcal pyrogenic exotoxin, presumably 
through neutralization by antibody22-26）.  Gampfer 
et al. 22） demonstrated that vaccination with 

Figure 4　Endogenous cytokine production after infection with S. aureus. Mice were vaccinated 
with mSEC or rSEC plus alum or alum alone, and then were infected intravenously 
with 5×107 CFU S. aureus on day 7 after last boost. The titers of IFN-γ （A） and 
IL-10 （B） in the sera were determined by ELISAs. Results are representative of three 
experiments and the each point represents the mean±SD for a group of three to fi ve 
mice. The # marker indicates that a value is signifi cantly diff erent from the value 
obtained for the control mice at P<0.05.
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non-superantigenic SEB and TSST-1 developed 
antibody responses against these toxins and 
protected against challenge with lethal doses of 
superantigen potentiated with LPS. Nilsson et 
al.24） and our previous study18） demonstrated that 
immunization with non-superantigenic SEA and 
TSST-1 protected S. aureus-induced lethal septic 
shock. The protective mechanism of vaccination 
with these non-superantigenic toxins remains 
unclear.
　 mSEC-vaccinated mice produced high 
titers of SEC-specific IgG1 and significantly 
higher IgG2b antibodies compared with rSEC-
immunized group, whereas the mSEC-vaccinated 
mice produced the lower level of IgG3 than that 
of the rSEC-immunized mice.  The difference 
of induction of antibody subclass responses may 
be due to the lack of the superantigenic activity 
of mSEC. Furthermore, the serum samples 
from mSEC-immunized mice also significantly 
inhibited IFN-γ and TNF-α production from 
murine spleen cells by SEC.  These results 
indicated that SEC-specific antibodies might 
play an important role in host resistance 
against S. aureus infection and neutralization 
of superantigenic activity.  The mechanism of 
action of serum antibodies in S. aureus infections 
remains elusive.  Recently, it was reported that 
anti-TSST-1 monoclonal antibody （mAb） cross-
inhibited SEA-induced mitogenic activity and 
TNF-α production in vitro and protected against 
SEA-induced lethality in a mouse model27）.  The 
demonstrated eff ects of antibodies may be due to 
anti-infl ammatory activity28,29） and neutralization 
of the toxicity of S. aureus surface components 
and secreted products24,28）.
　 Our results showed that serum samples 
obtained from mSEC-vaccinated mice produced 
higher titers of IL-10 and IL-4, and lower titers 
of IFN-γ in response to S. aureus infection than 
did those obtained from the control mice. IL-10 
is known to have anti-inflammatory actions in 
various inflammatory diseases30-32）.  Previous 

studies demonstrated that IL-10 plays a benefi cial 
role in protecting the host from shock due to 
endotoxin32）, septic shock30）, and staphylococcal 
enterotoxin shock31,33）.  Our previous study 
showed that administration of anti-IL-10 mAb to 
mice inhibited the elimination of S. aureus from 
the organs, suggested that IL-10 might play a 
beneficial role in host resistance to S. aureus 
infection34）.  It is possible that this cytokine may 
regulate excess inflammatory responses in S. 
aureus infection.  On the other hand, our previous 
study showed that IFN-γ plays a detrimental role 
in S. aureus infection in mice16）.  Administration 
of anti-IFN-γ mAb resulted in the suppression 
of bacterial growth in the organs and protected 
mice from the lethal eff ect of S. aureus infection. 
In addition, IFN-γ receptor-deficient mice 
developed severe sepsis with high mortality 
after S. aureus infection35）.  In the present study, 
the results suggest that mSEC vaccination 
may polarize Th0 toward Th2 in vivo, and that 
the regulation of cytokine production might 
be involved in acquisition of protection against 
in the mSEC-immunized mice.  These results, 
together with previous data, indicated that the 
protection might be mediated by SEC-specific 
antibodies neutralizing the S. aureus-produced 
SEC, as well as by IL-10 and IL-4 induction, and 
down-regulating IFN-γ production induced by 
superantigenic toxins and S. aureus.
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