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Staphylococcus aureus is a common pathogen found in the community and in hospitals. Most notably, methicillin-resistant S.
aureus is resistant to many antibiotics, which is a growing public health concern. The emergence of drug-resistant strains has
prompted the search for alternative treatments, such as immunotherapeutic approaches. To date, most clinical trials of vaccines
or of passive immunization against S. aureus have ended in failure. In this study, we investigated two ESAT-6-like proteins se-
creted by S. aureus, S. aureus EsxA (SaEsxA) and SaEsxB, as possible targets for a vaccine. Mice vaccinated with these purified
proteins elicited high titers of anti-SaEsxA and anti-SaEsxB antibodies, but these antibodies could not prevent S. aureus infec-
tion. On the other hand, recombinant SaEsxA (rSaEsxA) and rSaEsxB could induce Th1- and Th17-biased immune responses in
mice. Mice immunized with rSaEsxA and rSaEsxB had significantly improved survival rates when challenged with S. aureus
compared with the controls. These findings indicate that SaEsxA and SaEsxB are two promising Th1 and Th17 candidate anti-
gens which could be developed into multivalent and serotype-independent vaccines against S. aureus infection.

S taphylococcus aureus is a common pathogen in the community
and frequently found in hospitals (1). It is a facultative anaer-
obic Gram-positive bacterium commonly found as part of the
normal flora on the skin and nasal passages of humans (2). Previ-
ously, S. aureus infections could be effectively treated with antibi-
otics. However, in the past 2 decades, an increasing number of
strains of S. aureus have become resistant to a variety of antibiot-
ics. Methicillin-resistant S. aureus (MRSA) is one of the more
dangerous antibiotic-resistant S. aureus strains. MRSA strains are
prevalent in hospitals and are fast becoming a common commu-
nity-acquired infection (3, 4). For this reason, research into the
development of immunotherapeutic approaches, either active or
passive, has seen a resurgence in recent years (5).

Several studies have investigated the many surface proteins and
virulence factors of S. aureus, many of which have been evaluated
as potential vaccine targets (6-15). Current and past S. aureus
vaccines or therapeutic antibody strategies have focused mainly
on capsular polysaccharide (CPS), virulence factors, surface pro-
teins, and iron-regulated proteins. The putative protective capsu-
lar polysaccharide antigen has been developed into potential an-
ti-S. aureus vaccines. The leading candidate of this type of vaccine
is StaphVAX, a bivalent polysaccharide and protein-conjugated
vaccine (16, 17). Other strategies for developing S. aureus vaccines
have targeted virulence factors and surface proteins, including
alpha-toxin (a nontoxic derivative of H35L) (7, 18), clumping
factor A (CIfA) (19), fibronectin binding protein A or B (FnBPA
or FnBPB) (12), Panton-Valentine leukocidin (PVL) (20), and
protein A (11). Iron-regulated proteins, such as Merck V710,
which is based on iron-regulated surface determinant B (IsdB) (6,
21), have also been investigated as other possible targets for vac-
cines against S. aureus. Most strategies for passive immunization
aim to eliminate major S. aureus virulence determinants, such as
monoclonal alpha-toxin antibodies, polyclonal PVL antibodies,
and anti-CIfA monoclonal antibodies (Aurexis).
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To date, most of the clinical trials for vaccines or passive im-
munization against S. aureus, such as clinical trials of the Inhibitex
vaccine, CIfA, SdrG (Veronate) (22, 23), types 5 and 8 CPS con-
jugated to pseudomonal exoprotein A (17), and polyclonal anti-
bodies to types 5 and 8 CPS (Altastaph) (24, 25), have ended in
failure. A recent review analyzed the reasons why many clinical
trials of S. aureus vaccines have failed (26). The authors concluded
the most important reason for the failure of these trials was that
these vaccines are based on the production of antibodies against S.
aureus infection. Furthermore, the above-named vaccines are
based on either a single antigen or certain proteins from a protein
family. An effective S. aureus vaccine might require several anti-
genic components (6), such as a sequence targeting multiple S.
aureus virulence factors. A recent study indicated that a T-helper
17 (Th17)-interleukin 17 (IL-17) axis might provide avenues for
the development of an effective broad vaccine against S. aureus
infections (26). Therefore, targets for vaccines could be expanded
to include any antigen that induces an immune response against S.
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aureus infection, for example, a Th1- and/or Th17-mediated im-
mune response.

S. aureus is known to secrete many virulence factors through
two mainly secretion systems, Tat and Sec (27, 28). Two virulence
factors of S. aureus produced by the 6-kDa early-secretion antigen
(ESAT-6) secretion system, S. aureus EsxA and -B (SaEsxA and
SaEsxB) (29, 30), play important roles in establishing S. aureus
infections in the host (29). Furthermore, a new study found that
SaEsxA modulated host cell apoptosis and that, when combined
with SaEsxB, it could mediate the release of staphylococci from the
host cell (31). SaEsxA and SaEsxB proteins are highly conserved in
the genomes of different clinical S. aureus strains (31). ESAT-6-
like proteins are also found in many other Gram-positive bacteria,
including Clostridium acetobutylicum, Bacillus anthracis, and Lis-
teria monocytogenes (32). The ESAT-6 secretion system in S. au-
reus is similar to the Esx-1 protein secretion system in Mycobacte-
rium tuberculosis, which also secretes 2 proteins, ESAT-6 and a
10-kDa culture filtrate antigen (CFP-10). ESAT-6 (EsxA) and
CFP-10 (EsxB) virulence factors have been identified as antigenic
proteins with potent T-cell stimulatory effects that trigger im-
mune responses during tuberculosis (33).

In this study, we investigated SaEsxA and SaEsxB proteins as
potential targets for the development of a vaccine against S. au-
reus. We expressed SaEsxA and SaEsxB in Escherichia coli and pu-
rified recombinant SaEsxA (rSaEsxA) and rSaEsxB. We investi-
gated whether these two recombinant ESAT-6-like proteins had
immunogenic activities to induce a host immune response against
staphylococcal infection. We tested the immunoprotective effects of
rSaEsxA and rSaEsxB, alone or combined (rSaEsxA+B), against
invasive S. aureus in a murine model.

MATERIALS AND METHODS

Bacteria, plasmids, antibodies, and animals. The S. aureus ATCC 25923,
ATCC 29213, Newman, and USA 300 strains were stored at —80°C until
use. E. coli strain BL21(DE3) was used for protein expression. The recom-
binant expression vector pETH was obtained from K. Y. Yuen. Specific-
pathogen-free BALB/c mice were supplied by the Laboratory Animal Unit
of the University of Hong Kong. All animal experiments were approved by
the Committee on the Use of Live Animals in Teaching & Research of the
University of Hong Kong (approval no. CULATR 2596-11).

Animal immunization. Six-week-old female BALB/c mice (n = 6 per
group) were immunized with a range of doses (Table 1) of rSaEsxA or
rSaEsxB proteins with Freund’s adjuvant (FA) by intraperitoneal (i.p.)
injection or with aluminum hydroxide gel (Alhydrogel [AHG]) by intra-
muscular (i.m.) injection. The two recombinant proteins were emulsified
at a ratio of 1:1 with complete FA for priming and with incomplete FA for
boosting. The two recombinant proteins were formulated at a ratio of 9:1
with AHG (100 pl of 2% AHG per 900 pl of antigen). These treatments
were administered to mice on days 0, 14, and 28. Blood samples were
drawn from the tail vein on days 0, 21, and 35.

Antibody detection. The rSaEsxA and rSaEsxB antibody titers were
detected by enzyme-linked immunosorbent assay (ELISA). Briefly,
rSaEsxA or rSaEsxB protein (1 pg/ml in 0.05 M carbonate-bicarbonate
buffer, pH 9.6) were coated (200 wl/well) on ELISA plates (Nunc, Rosk-
ilde, Denmark) and incubated overnight at 4°C. The plates were blocked
with phosphate-buffered saline (PBS) containing 5% (wt/vol) nonfat milk
for 3 h at 37°C and washed four times with PBS containing 0.05% Tween
20. Twofold serially diluted mice sera were added into the wells and incu-
bated for 1 h at 37°C. The plates were washed six times with PBS contain-
ing 0.05% Tween 20 and incubated with horseradish peroxidase (HRP)-
conjugated goat anti-mouse IgG/IgG1/IgG2a for 1 h at 37°C. The color
was developed using tetramethylbenzidine (TMB) solution (Sigma), and
absorbance was measured using an ELISA reader at 450 nm. The antibody

340 iai.asm.org

TABLE 1 Immunization with different doses and forms of rSaEsxA and rSaEsxB against S. aureus infection
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¢ Vaccinated BALB/c mice were challenged with S. aureus ATCC 2593 (5 X 107 CFU) by intravenous injection, and survival was monitored.

4 A log rank (Mantel-Cox) test was used to compare the PBS mock treatment (no adjuvant) and treatment groups.
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endpoint titer was defined as the serum dilution that produced an optical
density at 450 nm (OD,5,) of 0.5 absorbance unit in the ELISA.

ELISPOT assay. Mice were sacrificed 5 days after the third immuni-
zation. Gamma interferon (IFN-v)- or interleukin 17A (IL-17A)-produc-
ing splenocytes from vaccinated or naive unvaccinated mice were ana-
lyzed using a cytokine-specific enzyme-linked immunospot (ELISPOT)
assay (BD Pharmingen, United States). Briefly, plates were coated with
capture antibodies (anti-IFN-y or IL-17A monoclonal antibodies [MAb])
overnight at 4°C and then blocked with a blocking solution (RPMI 1640
containing 10% fetal bovine serum and 1% 1-glutamine—streptomycin—
penicillin) for 1 h at 37°C. Splenocytes isolated from immunized mice
were plated at a concentration of 1 X 10 cells/well and stimulated with
rSaEsxA (0.2 pg/well) or rSaEsxB (0.2 jug/well) at a final concentration of
10 pg/ml in triplicate and incubated for 20 h at 37°C. Ionomycin (1 g/
ml) (Sigma, USA) and phorbol myfismte acetate (PMA, 50 ng/ml)
(Sigma) were used as positive controls. Splenocytes from naive mice stim-
ulated with rSaEsxA or rSaEsxB, splenocytes from unstimulated mice
(immunized mice), and RPMI 1640-treated splenocytes were used as neg-
ative controls. After the cells were washed, biotinylated anti-IFN-y or
IL-17A MAb was added for 1 h at 37°C, followed by streptavidin-HRP
conjugate for 1 h at 37°C. The color was developed with TMB solution,
and the spots were counted using an immunospot analyzer.

Renal abscess. S. aureus strain ATCC 25923 was plated onto a TSA
plate with 5% horse blood and cultured for 24 h at 37°C. The bacteria were
harvested using endotoxin-free PBS, washed twice, and suspended in PBS
at a concentration of 5 X 107 CFU/ml. On day 42 after the first vaccina-
tion, mice immunized with rSaEsxA (50 wg) or rSaEsxB (50 wg) were
injected with 200 wl of the inoculums i.p. at a total bacterial suspension
concentration of 1 X 107 CFU. Four days after bacterial challenge, in-
fected mice were euthanized by compressed CO, inhalation. The kidneys
were removed and homogenized in 1% Triton X-100. Aliquots were di-
luted and plated on blood agar for CFU counting. Kidney tissue samples
for histological analysis were incubated in 10% formalin for 24 h at room
temperature. Tissues were embedded in paraffin, and thin sections were
obtained using a microtome. Sections were stained with hematoxylin-
eosin and examined under a microscope.

Lethal challenge. On day 42 after the first vaccination, immunized
mice were injected intravenously in the tail vein with 5 X 10” CFU of S.
aureus ATCC 25923, Newman (methicillin-susceptible S. aureus [MSSA])
or USA 300 (community-associated MRSA [CA-MRSA]) strains. Mice
were monitored for mortality and clinical signs.

Passive immunization. Mouse polyclonal SaEsxA- or SaEsxB-specific
antisera were generated and collected from the mice immunized with
purified rSaEsxA or rSaEsxB. Female BALB/c mice (~8 weeks old) were
administered 100 pl of normal mouse sera or polyclonal SaEsxA- or
SaEsxB-specific antisera (~1:200,000 antibody titers) by i.p. injection 4 h
before S. aureus challenge and then 2 days after S. aureus challenge. Mice
were monitored for mortality and clinical signs.

Statistical analysis. Student’s t test was used to analyze the statistical
significance of ELISPOT assay results and staphylococcal-load measure-
ments. Log rank (Mantel-Cox) analysis was used to analyze the statistical
significance of the data from the lethal-challenge experiments. Analyses
were performed using GraphPad Prism 5 (GraphPad Software, USA), and
a P value of <0.05 was considered statistically significant.

RESULTS

Immunogenicity of rSaEsxA and rSaEsxB in mice. Mouse groups
were vaccinated intraperitoneally with three doses of rSaEsxA or
rSaEsxB protein in various adjuvants (Table 1). ELISA of serum
samples obtained 7 days following the immunization showed
rSaEsxA- and rSaEsxB-specific 1gG, 1gG1, and IgG2a antibody
titers. The data from different mouse immunization groups are
summarized in Table 1. The data showed that immunization with
rSaEsxA or rSaEsxB resulted in the generation of specific antibod-
ies. The rSaEsxA and rSaEsxB antibody responses were similar,

January 2015 Volume 83 Number 1

Infection and Immunity

ESAT-6-Like Proteins against Invasive S. aureus

A IL17A B IFN-y
E=0.0024

50 P

9 EE IVSA 9

£ @ IVSB £

8 I NMSA 8

9 NMSB 8

[} o 30

o EZA UNS 2 p<0.05

=] =] —

S < 20

3 g

A 3 10

5 5

C 68 ™ 37, . 49 -
136, 170 1408
IMSB |ss, UhS
NMSA
NMSB ||

FIG 1 Antigen-specific IL-17A and IFN-vy responses elicited by rSaEsxA or
rSaEsxB immunization. Immunized mice (rSaEsxA or rSaEsxB plus AHG) (n = 8)
were sacrificed 5 days after the third immunization, and splenocytes were
prepared and stimulated with rSaEsxA or rSaEsxB protein for 20 h. IL-17A
(A)- and IFN-y (B)-producing cells were detected by ELISPOT assay. (C)
Representative images of splenic ELISPOT responses. Results of one of two
representative experiments are shown. Student’s t test was used for the statis-
tical analysis. Data are expressed as means * standard errors of the means
(SEM). SFU, spot-forming units; IMSA, immunized mice stimulated with
SaEsxA; IMSB, immunized mice stimulated with SaEsxB; NMSA, naive mice
stimulated with SaEsxA; NMSB, naive mice stimulated with SaEsxB; UNS,
unstimulated immunized mice.

and levels of specific IgG antibody titers increased with increasing
doses of each protein. Immunization with rSaEsxA or rSaEsxA+B
induced high levels of anti-rSaEsxA IgG (>1:10%), reaching the
highest titer after the second boost (day 35). Similarly, the major-
ity of the mice immunized with rSaEsxB or rSaEsxA+B showed
high levels of induced anti-rSaEsxB IgG (>1:10%). Coadministra-
tion of AHG with rSaEsxA or rSaEsxB (50 pg) resulted in signifi-
cant increases in anti-rSaEsxA 1gG (5-fold) or anti-rSaEsxB IgG
(10-fold). In addition, immunization with rSaEsxA or rSaEsxB in
the absence or presence of AHG elicited both Th1- and Th2-asso-
ciated rSaEsxA (or rSaEsxB)-specific IgG2a and IgG1l antibody
responses. IgG, IgG1, and IgG2a specific for rSaEsxA or rSaEsxB
were not detected in the sera of mice mock immunized with PBS
(control), AHG, or FA.

SaEsxA- and SaEsxB-specific IFN-y* and IL-17A* T cell re-
sponses. [IFN-y and IL-17A play essential roles in the protective
immunity against S. aureus infection. The release of IFN-vy and
IL-17A are indicative of Th1- and Th17-biased immune responses
(34). ELISPOT analysis of mice sacrificed 5 days after the third
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FIG 2 Immunization with rSaEsxA and rSaEsxB generated protective immunity against S. aureus abscess formation in BALB/c mice. Mice treated with PBS plus
AHG (A, B) or immunized with rSaEsxA plus AHG (C, D) and rSaEsxB plus AHG (E, F) were challenged with S. aureus ATCC 25923 by intraperitoneal injection.
They were sacrificed after 4 days, and their kidneys were collected for histopathology (A to F) or bacterial-load measurements (G). Hematoxylin and eosin images
of whole kidneys (A, C, and E) and magnified areas (B, D, and F) revealed abscess formation only in PBS control mice. Consistent results were obtained for 6
kidney tissues from each group. (B) Staphylococcal abscess (black arrow) with a central concentration of staphylococci (red arrow). (D, F) Small infiltrates of
polymorphonuclear leukocytes (black arrow). Statistical significance was calculated by the Student # test. Bars represent means == SEM. Scale bars: 1,000 pum (A,

C, E) and 50 pum (B, D, F). ns, not significant (P > 0.05). Results of one of two representative experiments are shown.

immunization showed that splenocytes from mice immunized
with rSaEsxA or rSaEsxB had more IFN-vy (Fig. 1A)- and IL-17A
(Fig. 1B)-producing cells than the control group. The number of
IFN-vy-producing splenocytes in these immunized mice was also
significantly greater than in naive mice stimulated with rSaEsxA
and NMSB (naive mice stimulated with rSaEsxB) groups. Further-
more, immunization with rSaEsxA or rSaEsxB induced robust
specific Th17 responses. Taken together, these data suggest that
SaEsxA or SaEsxB promoted the induction of Thl- and Th17-
biased immune responses.

Renal abscess. We evaluated the potential protective effect of
the rSaEsxA and rSaEsxB in a mouse renal abscess model. Mice
were infected with 1 X 107 CFU of S. aureus strain ATCC 25923.
Four days after challenge, mice were sacrificed and their kidneys
were collected. Renal tissue of animals treated with PBS displayed
a staphylococcal load of 3.48 = 0.95 log,, CFU/mg of kidney tis-
sues. In contrast, significant decreases in bacterial number were
observed in animals treated with rSaEsxA (2.38 * 0.34 log,, CFU
mg~ '3 P <0.0001) and rSaEsxB (2.02 = 0.091og,, CFUmg ™~ '; P =
0.0079) (Fig. 2G). Histological analysis of kidney tissues from
mice immunized with rSaEsxA or rSaEsxB did not show any
staphylococcal abscesses (Fig. 2C to F). In contrast, kidneys col-
lected from control mice contained abscesses with staphylococci
concentrated in the center, surrounded by large numbers of ne-
crotic immune cells (Fig. 2A and B).

Lethal challenge. The protective effect of the recombinant
SaEsxA and SaEsxB proteins against lethal infections was investi-
gated in mice immunized with purified rSaEsxA or rSaEsxB anti-
gens or a mixture of both. The immunized mice were challenged
with 5 X 107 CFU of S. aureus ATCC 25923 by intravenous injec-
tion through the tail vein. Animals were monitored for more than
14 days. Survival rates between groups were compared using the
pairwise, log rank (Mantel-Cox) test. The different survival rates
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of mice immunized with different treatments (protein with and
without AHG or FA) and doses of rSaEsxA and rSaEsxB (3, 10,
and 50 pg) against S. aureus ATCC 25923 are shown in Table 1.
Survival rates increased with increasing doses of rSaEsxA and
rSaEsxB, with AHA or FA possibly playing nonspecific roles
against S. aureus infection. However, there were no significant
differences between the adjuvant-only groups (FA group, 22.20%
survival [P = 0.7861]; AHG group, 16.70% survival [P = 0.7250])
and the PBS control group (11.10% survival). The results in Fig. 3
show that the vaccinated-mouse groups (rSaEsxA, rSaEsxB,
rSaEsxA+B) had significantly improved survival rates (P <
0.0001). Specifically, mice vaccinated with rSaEsxA had the high-

100
= 804 ]NS
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& 20- P<0.0001 -@ rSaEsxA+B+AHG
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c L] L] L] L] L] L) L]
0 2 4 6 8 10 12 14

Time post infection
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FIG 3 Survival curves of vaccinated BALB/c mice after S. aureus challenge.
Mice (n = 18) were challenged with S. aureus ATCC 2593 (5 X 107 CFU) by
intravenous injection. Pairwise log rank analysis between groups and log rank
(Mantel-Cox) tests were performed. NS, not significant (P > 0.05). Data from
three independent experiments are shown.
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FIG 4 Immunization with rSaEsxA+B generated protective immunity against lethal challenge with two different clinical S. aureus strains. Mice (n = 10)
immunized with rSaEsxA+ B or treated with PBS plus AHG as controls were challenged with S. aureus Newman or USA 300 strains by intravenous injection. The
survival of mice was monitored for 14 days. A log rank (Mantel-Cox) test was used to compare the protective immunities of control mice and the rSaEsxA+B-

immunized mice. Data from two replicate experiments are shown.

est survival rate (16/18), followed by those vaccinated with
rSaEsxB (14/18) and rSaEsxA+B (14/18). In contrast, the major-
ity of mice (16/18) in the control group died within 8 days after
bacterial challenge. The survival rates between groups adminis-
tered combined and individual (rSaEsxA+B, rSaEsxA, rSaEsxB)
antigens were not significantly different (P > 0.05).

To test whether rSaEsxA and rSaEsxB could protect against a
wide range of S. aureus clinical strains, two typical S. aureus
strains, Newman and USA 300, were also tested. Newman is a
methicillin-sensitive S. aureus strain, and USA 300 is a CA-MRSA
strain. Mice were treated with these strains in a manner similar to
that of the above-described experiments and were monitored over
14 days. Compared with the control mice treated with PBS plus
AHG, mice vaccinated with rSaEsxA + B had significant protective
immunity to the Newman (60% survival; P = 0.0085, log rank
Mantel-Cox test) and USA 300 (50% survival; P = 0.0013, log
rank Mantel-Cox test) S. aureus strains (Fig. 4).

Passive immunization. Our results showed that mice treated
with SaEsxA- or SaEsxB-specific antisera did not exhibit any sig-
nificant protective effects against S. aureus challenge (P > 0.05,
log rank Mantel-Cox test) (Fig. 5). Treatment with SaEsxA- or
SaEsxB-specific antisera alone could not provide effective immu-
nity.

DISCUSSION

Multidrug-resistant (MDR) pathogens are a global problem.
Their ability to adapt enables emerging strains to develop resis-
tance to new antibiotics. Vaccinations may be a better strategy to
control MDR-pathogen infections. Vaccination has been demon-
strated to be effective in preventing many infectious diseases, in-
cluding influenza, small pox, and hepatitis B virus (HBV). How-
ever, for many MDR pathogens, a serotype-independent immune
response may be required. Despite eliciting high levels of anti-
SaEsxA IgG and anti-SaEsxB IgG after vaccination with the puri-
fied SaEsxA and SaEsxB proteins, these antibodies could not pre-
vent S. aureus infection in our murine model. Studies showed that
healthy individuals naturally have high titers of antibody to S.
aureus, but those with defects in B cell immunity are not particu-
larly prone to S. aureus infections (35, 36). The lack of humoral
immunity protection against S. aureus must be compensated for
by other immune mechanisms.

At least 13 secreted proteins and 24 surface adhesion proteins
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from S. aureus have been implicated in bacterial immune evasion
(37). The secretion of SaEsxA and SaEsxB represents an important
bacterial virulence strategy, which leads to bacterial replication
and abscess formation (29). To study whether mice immunized
with rSaEsxA or rSaEsxB could prevent abscess formation, a mu-
rine model of staphylococcal load and abscess formation was cho-
sen. Our results indicated that SaEsxA or SaEsxA proteins could
induce protective immunity against S. aureus renal-abscess for-
mation in our murine model. Furthermore, these results suggest
that mice immunized with rSaEsxA +B, rSaEsxA, or rSaEsxB had
significantly increased protection against lethal challenge by S.
aureus ATCC 25923. Instead of a vaccine targeting a single anti-
gen, multivalent antigens may have a better chance of inducing
both B and T cell immune responses to achieve protection against
S. aureus.

Similar ESAT-6-like proteins, EsxA (Rv3875) and EsxB (Rv3874),
secreted by Mycobacterium tuberculosis are known to play a vital
role in its pathogenesis. These two proteins can trigger cell-medi-
ated immune responses and IFN-vy production during tuberculo-

Challenged with Newman
100-

80+ O- Normal mouse serum
-O- Anti-SaEsxA serum
-O- Anti-SaEsxB serum

Survival (%)

204 NS P>0.05

0 2 4 6 8 10 12 14
Time post infection
(Days)

FIG 5 Survival rates of BALB/c mice passively treated with SaEsxA- or
SaEsxB-specific mouse antisera and challenged with the Newman strain via the
tail vein. BALB/c mice (n = 10) received 100 pl of normal mouse serum or
specific mouse antiserum (anti-SaEsxA or anti-SaEsxB) 4 h before intravenous
injection of S. aureus Newman strain (5 X 107 CFU) and on day 2 after infec-
tion. A log rank (Mantel-Cox) test was used to compare groups. NS, no signif-
icant differences (P > 0.05). Data from two replicate experiments are shown.
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sis (33, 38). One study suggested that the ESAT-6 expressed by the
virulent M. tuberculosis H37Rv strain, but not by Mycobacterium
bovis BCG, promoted immunity by enhancing Th17 cell responses
(39). Activation of naive T cells by pathogen antigens presented by
antigen-presenting cells in the presence of various cytokines leads
to the generation of T helper cell subsets, such as Th1, Th2, and
Th17. Universally, Th1 cells regulate IFN-y-dependent immunity
against most intracellular pathogens. Th1 could be inhibited by
IL-4, subsequently inducing another T cell subset, Th2, which
produced IL-4, IL-5, and IL-13 against helminth infection (40).
Indeed, our results showed that the rSaEsxA and rSaEsxB proteins
specifically triggered not only high levels of IL-17A but also high
levels of IFN-y. These data indicate that SaEsxA and SaEsxB may
promote the induction of Thl- and Thl7-biased immune re-
sponses.

A new study by Misstear et al. showed that mouse nasal vacci-
nation with targeted nanoparticles loaded with S. aureus protein
could protect against systemic S. aureus infection in the absence of
any antigen-specific antibodies (41). This study suggests that only
a cellular response could protect against S. aureus infection. More-
over, many reports show the importance of Th17/IL-17 in the
protection against S. aureus infections, which may shed light on
this immune response (42, 43). Many mucosal vaccination ap-
proaches can induce robust Th17 responses, suggesting that Th17
cells may be useful targets for vaccines that induce immunity (44).
Recently, several studies using mouse vaccine models showed that
T helper cells, including Th17, are important for a CD4 ™ T-cell-
dependent immune response (44). Th17 cells have a role in anti-
microbial immunity at the epithelial/mucosal barrier (44). They
produce cytokines that stimulate epithelial cells to produce anti-
microbial proteins to clear out certain types of opportunistic mi-
crobes.

Th17-mediated protective responses involve the release of an-
timicrobial peptides, recruitment of neutrophils, and IL-17-
driven Thl immunity. These signaling mechanisms may offer
immunity against a range of MDR pathogens through the pro-
duction and induction of inflammatory cytokines and other pro-
teins. For staphylococcal vaccines to be effective, protection must
be achieved against a wide variety of different clinical strains. We
showed that mice immunized with rSaEsxA+B were also pro-
tected against two typical S. aureus clinical strains, Newman
(MSSA) and USA 300 (CA-MRSA). Although these two immuno-
gens could prevent infection from different clinical S. aureus
strains, it is not clear whether Th1- and/or Th17-biased immune
responses conferred this protection.

In conclusion, we provide evidence for SaEsxA and SaEsxB
proteins as vaccine targets against S. aureus infection. Experimen-
tal data from both immunization and lethal-challenge studies in-
dicated that rSaEsxA and rSaEsxB could elicit immune responses
leading to increased protective immunity in a murine model. Both
SaEsxA and SaEsxB are promising Th1 and T17 cell candidates for
developing into a multivalent, serotype-independent, effective
vaccine against S. aureus infection. Future work in this area prom-
ises to be fertile and to lead to effective vaccines against S. aureus
infection.
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