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Abstract
Staphylococcus aureus causes significant illnesses throughout the world, including toxic shock
syndrome (TSS), pneumonia, and infective endocarditis. Major contributors to S. aureus illnesses
are secreted virulence factors it produces, including superantigens and cytolysins. This study
investigates the use of superantigens and cytolysins as staphylococcal vaccine candidates.
Importantly, 20% of humans and 50% of rabbits in our TSS model cannot generate antibody
responses to native superantigens. We generated three TSST-1 mutants; G31S/S32P, H135A, and
Q136A. All rabbits administered these TSST-1 toxoids generated strong antibody responses
(titers>10,000) that neutralized native TSST-1 in TSS models, both in vitro and in vivo. These
TSST-1 mutants lacked detectable residual toxicity. Additionally, the TSST-1 mutants exhibited
intrinsic adjuvant activity, increasing antibody responses to a second staphylococcal antigen (β-
toxin). This effect may be due to TSST-1 mutants binding to the immune co-stimulatory molecule
CD40. The superantigens TSST-1 and SEC and the cytolysin α-toxin are known to contribute to
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staphylococcal pneumonia. Immunization of rabbits against these secreted toxins provided
complete protection from highly lethal challenge with a USA200 S. aureus strain producing all
three exotoxins; USA200 strains are common causes of staphylococcal infections. The same three
exotoxins plus the cytolysins β-toxin and γ-toxin contribute to infective endocarditis and sepsis
caused by USA200 strains. Immunization against these five exotoxins protected rabbits from
infective endocarditis and lethal sepsis. These data suggest that immunization against toxoid
proteins of S. aureus exotoxins protects from serious illnesses, and concurrently superantigen
toxoid mutants provide endogenous adjuvant activity.
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INTRODUCTION
Staphylococcus aureus is a major pathogen worldwide, responsible for significant illnesses,
many of which are life threatening such as toxic shock syndrome (TSS), infective
endocarditis, sepsis, and pneumonia [1, 2]. S. aureus has the ability to cause a wide variety
of infections by production of numerous virulence factors, both cell-surface and secreted
exoproteins [1, 2]. Treatment of S. aureus infections can be challenging and expensive,
especially with the high occurrence of antibiotic resistant infections, such as caused by
methicillin-resistant S. aureus (MRSA) [3].

Infective endocarditis is a life threatening infection of the heart endothelium caused by many
organisms [4, 5]. In the past decade, S. aureus has emerged as a primary cause of infective
endocarditis throughout the world, largely in elderly patients and intravenous drug users
[4-8]. The illness is characterized by formation of large “cauliflower-like” vegetations on the
endothelium of the heart. These vegetations are composed of host factors (tissue factor,
fibronectin, and fibrinogen) and host cells, as well as microbial colonies. Infective
endocarditis is difficult to treat, and there are many risks associated with the illness,
including cardiac failure, embolisms, renal dysfunction, and mycotic aneurysms [4, 5].
Treatment of S. aureus infective endocarditis typically requires extensive antibiotic
regimens, often lasting ≥6 weeks, and many times surgery is required [4, 5, 7, 8].

Although cell-surface virulence factors are critical for S. aureus attachment and vegetation
initiation, recent research has also implicated secreted virulence factors as major
contributors to infective endocarditis progression with S. aureus. Pragman et al. showed that
the superantigen TSS toxin-1 (TSST-1) is highly important for infective endocarditis
vegetation formation caused by strains that produce the superantigen [9]. In a rabbit model,
the researchers showed that strains producing native TSST-1 had significantly larger
vegetation sizes and increases of nearly 7 Logs colony-forming units (CFUs)/vegetations
compared to isogenic strains lacking TSST-1. We have further noted that strains lacking
superantigens do not induce infective endocarditis in rabbits [9]. A research group recently
published a study examining the genotype of strains isolated from infective endocarditis
patients with persistent bacteremia and observed that the majority of them are pulsed-field
gel electrophoresis type USA200 and carried the tstH gene that encodes TSST-1 [10]; there
is a one:one correlation between the presence of tstH and TSST-1 protein production.
Additionally, it has been published that 90% of infective endocarditis cases are associated
with USA200 strains and production of TSST-1 [11]. These studies collectively suggest that
TSST-1 is highly important for S. aureus in its ability to cause infective endocarditis. Recent
studies from Mattis et al. showed that another superantigen, staphylococcal enterotoxin (SE)
C, is highly important for infective endocarditis caused by strains that produce that
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superantigen (Mattis, D.M., A.R. Spaulding, O.N. Chuang-Smith, E.J. Sundberg, P.M.
Schlievert, and D.M. Kranz. Enterotoxin C Contributes to USA400 Methicillin-Resistant
Staphylococcus aureus Infective Endocarditis in Rabbits Submitted Infect. Immun.). When
these investigators treated rabbits with a specific SEC inhibitor after challenge with a strain
known to cause infective endocarditis at a high level in the rabbit model, the microbes were
significantly reduced in ability to cause disease. Studies have also shown that secreted
cytolysins contribute to infective endocarditis. Huseby et al. recently published that the
cytolysin β-toxin facilitates infective endocarditis progression [12]. Cheung et al. showed
that a S. aureus mutant that no longer produced α-toxin, β-toxin, γ-toxin, and δ-toxin was
drastically reduced in its ability to cause infective endocarditis [13], although because these
studies used a regulatory mutant for their studies, numerous other factor may also have
contributed to reduced ability to cause illness.

In the rabbit model of infective endocarditis, we also gain important information on the role
of exoproteins in lethal sepsis, since S. aureus is administered intravenously in high
concentrations. Our prior studies strongly suggest that superantigens are important in lethal
sepsis [14].

We and others have shown that superantigens and cytolysins are critical determinants of
staphylococcal pneumonia [15-18]. Rabbits actively immunized against TSST-1 and SEC,
and animals passively protected from SEB are protected from highly lethal intra-pulmonary
S. aureus challenge [17]. In addition, mice immunized against α-toxin are protected from
lethal pneumonia [16].

These data led us to consider the possibility of a vaccine against serious S. aureus infections
using the major secreted virulence factors (cytolysins and superantigens) as immunizing
agents. Here we report our studies related to TSST-1, SEC, α-toxin, β-toxin, and γ-toxin,
alone and in combination for protection against staphylococcal pneumonia, infective
endocarditis, and sepsis. Our studies show that vaccines containing these important secreted
virulence factors lead to immunity that protects against illness and increases survival.
Additionally, TSST-1 mutant toxoids have endogenous adjuvant activities, dependent on
interaction with the immune co-stimulatory molecule CD40 that amplifies immune
responses to other antigens.

MATERIAL AND METHODS
Bacterial strains and growth

S. aureus strain RN4220 containing plasmids encoding TSST-1, TSST-1 mutants, or SEC
were used as sources of TSST-1, TSST-1 mutants, or SEC [19-21]. Strain RN4220 does not
produce detectable endogenous superantigens. RN4220 was also used as the source of β-
toxin [22]. S. aureus strain MNPE was the source of native α-toxin [23]. Escherichia coli
clones were the sources of mutant α-toxin (H35L), as provided by Dr. Juliane Bubeck-
Wardenburg, University of Chicago, and γ-toxin as expressed from a pET vector [16]. S.
aureus strain MNPE was used in microbial challenge studies; this organism caused a fatal
case of post-influenza TSS in Minnesota [24]. This organism is USA200; these organisms
cause the majority of TSS cases [25]. MNPE has the following secreted virulence factor
phenotype of importance for our studies: TSST-1high+, SEChigh+, α-toxinhigh+, β-toxinhigh+,
and γ-toxin+ [23]. For use in pneumonia and infective endocarditis/sepsis studies, the
organism was grown overnight in 25 ml of Todd-Hewitt (Difco Laboratories, Detroit, MI)
broth at 37 °C with shaking at 200 revolutions per min under standard air conditions [26].
The organism was washed one time with phosphate-buffered saline (PBS; 0.005M sodium
phosphate, pH 7.2; 0.15 M NaCl) through centrifugation at 14,000 × g, 5 min, and then
resuspended in Todd Hewitt medium at 2 × 109/0.2 ml volume for high-dose injection in
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pneumonia studies [17], and in PBS at 1 × 108/ml, with 2 ml being injected intravenously
for infective endocarditis/sepsis studies [27].

Secreted virulence factor purification
All reagents used in preparation of superantigens were maintained pyrogen-free. For
production of TSST-1, TSST-1 toxoids, SEC, native α-toxin, and native β-toxin, the
organisms were grown overnight in dialyzed beef-heart media [28]. TSST-1, TSST-1
toxoids, SEC and β-toxin were precipitated from culture fluids with 4 volumes of absolute
ethanol for two days (80% final concentration), resolubilized in distilled water, and then
purified by thin-layer isoelectric focusing. Isoelectric focusing pH gradients were pH 3.5-10
for initial separation, followed by gradients of pH 6-8 for TSST-1, TSST-1 toxoids, and α-
toxin and 7-9 for SEC and β-toxin [28]. Native α-toxin was produced comparably from S.
aureus MNPE, except the toxin was precipitated from culture fluids with 80% final
saturation of ammonium sulfate, followed by solubilization in distilled water and three days
dialysis, and then followed by isoelectric focusing. The biologically inactive mutant of α-
toxin (H35L) and an enriched preparation of γ-toxin were produced from Escherichia coli
clones in pET vectors and purified on nickel columns [16]. TSST-1, TSST-1 mutants, and
SEC were homogeneous when tested by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and reversed-phase high-performance liquid chromatography
[28]. Additionally, these proteins were negative for contaminating lipopolysaccharide (LPS),
peptidoglycan, cytolysins, lipase, and proteases. Native α-toxin was further purified by
reversed-phase high-performance liquid chromatography and was homogeneous [23]. The
α-toxin mutant H35L and γ-toxin, as produced in E. coli contained minor E. coli
contaminates that did not affect experimentation. Purified toxins were quantified using the
BioRad protein assay [17].

Production of TSST-1 mutants
Three site-specific mutants of TSST-1 were prepared through use of the Quikchange method
(Stratagene, La Jolla, CA). The initial plasmid was native tstH, on a shuttle plasmid
pCE104, cloned into E. coli [20]. After performing mutagenesis, the resultant plasmids were
cloned first into E. coli, verified to have the correct TSST-1 mutations by sequencing the
entire structural genes, and then cloned into S. aureus RN4220 for production and
purification. The mutants were TSST-1 (G31S/S32P) that fails to interact with major
histocompatibility complex (MHC) class II molecules [20, 29, 30], H135A that fails to bind
the variable part of the β chain of the T cell receptor (Vβ-TCR) [20, 29, 30], and Q136A that
also fails to bind to Vβ-TCR [20, 29, 30].

Rabbits
All rabbits were used in compliance with regulations established by the University of
Minnesota Institutional Animal Care and Use Committee (IACUC) through approved
protocols. Dutch-belted rabbits, male and female, weighing 1-2 Kg were used for pneumonia
studies. New Zealand white rabbits, male and female, weighing 2-3 Kg were used for
endocarditis/sepsis studies. All rabbits were purchased from Bakkom Rabbitry, Red Wing,
MN.

Immunizations
Dutch-belted and New Zealand white rabbits were hyperimmunized against biologically
inactivated proteins (TSST-1 and α-toxin mutants) by emulsifying 25 μg of each alone or in
combination in PBS with an equal volume of Freund’s incomplete adjuvant. Immunizations
were in multiple subcutaneous sites in the nape of the necks. Native toxins (TSST-1, SEC,
α-toxin, β-toxin, and γ-toxin) were used at a dose of approximately 10 μg/ml for
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immunization following the same protocol. Immunizations for all experiments were every-
other-week (days 0, 14, and 28) for three injections. One week after the last immunization of
animals, blood was drawn from the marginal ear veins, sera collected, and antibody titers
determined by ELISA. In one experiment, following the initial three injections, animals
were immunized monthly for up to six months. One week after each immunization, blood
was drawn from the marginal ear veins, sera collected, and antibody titers determined by
ELISA.

ELISA antibody quantification
Enzyme-linked immunosorbent assays (ELISAs) were used to determine antibody titers of
immunized animals as described previously [31]. Briefly, flat-bottomed 96-well plates
(NUNC Maxisorp, Portsmouth, NH) were coated with 1.0 μg/well of purified native
homologous superantigen or cytolysin and then washed. Rabbit serum samples were serially
diluted 2-fold beginning with a 1:10 dilution; plates were incubated for a minimum of 1.5 hr
at room temperature, and then washed. Horseradish peroxidase-conjugated anti-rabbit IgG
antibodies (Sigma-Aldrich, St. Louis, MO) were added to the wells. The plates were again
incubated for a minimum of 1.5 hr, and the wells were washed. The relative levels of IgG
were determined by 100 μl/well addition of an o-phenylenediamine and H2O2 substrate.
Colorimetric reactions were halted by the addition of 50 μl of a 12.5% sulfuric acid solution.
Plates were scanned for absorbance at 490 nm wavelength using a spectrophotometer.

TSST-1 mutant toxicity studies
Three assays were used to assess residual toxicity of TSST-1 mutants that are proposed for
use as toxoids. Mutants tested included TSST-1 (G31S/S32P), TSST-1 (H135A), and
TSST-1 (Q136A). Three assays were used.

TSST-1 amplifies the lethal effects of LPS by as much as 106 fold [32]. Our prior studies in
rabbits indicate the LD50 of LPS alone in Dutch-belted rabbits is 500 ug/kg given
intravenously [32]. Additionally, bolus administration of as much as 2 mg/kg of TSST-1
alone intravenously to rabbits is not lethal; TSST-1 is more lethal when continuous exposure
occurs over several days [33, 34]. The relationship between TSST-1 and LPS in this
enhancement phenomenon is log:log, such that for each 10-fold increase in TSST-1 pre-
treatment, the amount of LPS administered 4 hr later to kill the animals is reduced by 10-
fold. Thus, we used 500 μg/kg native TSST-1 or the three TSST-1 mutants for pre-treatment
of 5 Dutch-belted rabbits/group intravenously, followed by 100 μg/kg of LPS from
Salmonella enteritidis serovar typhimurium, as prepared in our laboratory by the hot-phenol
method [35], at the 4 hr time-point. Fevers were recorded at the 4 hr time-point, just prior to
administration of LPS compared to pre-injection of TSST-1 or mutants, and deaths were
recorded over a 48 hr time-period. If mutants lacked lethality, this would indicate they were
>500,000-fold inactivated [32].

TSST-1 alone is lethal to rabbits when administered in subcutaneously implanted
miniosmotic pumps [33, 34]; a lethal dose in this model is 75 μg/animal (11 ug/day). Native
TSST-1 and each TSST-1 mutant (1000 μg/animal; 143 μg/day or 10× lethal dose) were
administered in miniosmotic pumps (Alza Corporation, Vacaville, CA) to 5 rabbits/group
[33, 34]. Pumps were implanted while animals were anesthetized with ketamine (25 mg/kg)
and xylazine (25 mg/kg) (Phoenix Pharmaceuticals, Burlingame, CA). Rabbits were
monitored for 7 days for the development of TSS symptoms (fever, diarrhea, reddening of
conjunctivae, and evidence of hypotension) and lethal illness, defined as the point 100%
predictive of impending death, including simultaneous failure of the animals to remain
upright and failure to exhibit flight responses. Animals were euthanized with intravenous
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injection of 1 ml/kg of Beuthanasia-D (Shering-Plough. Westlake, TX). Surviving rabbits
were euthanized at the end of 7 days.

The most sensitive measure of TSST-1 toxicity in vitro is tests of superantigenicity in a 4-
day assay [36]. Native TSST-1 is superantigenic across the toxin range from 10 μg/well
down to 10−6 μg/well. Native TSST-1 and all three TSST-1 mutants were tested in this
assay for superantigenicity with use of rabbit splenocytes in dose ranges of 10 μg/well to
10−8 μg/well. Proliferation was measured by incorporation of 3H-thymidine into DNA [36].

Immunization against TSST-1 mutant proteins protection of rabbits from native TSST-1
We examined the ability of TSST-1 (G31S/S32P), TSST-1 (H135A), and TSST-1 (Q136A)
to elicit protective antibodies against the native toxin. For these studies, 10 rabbits per group
were immunized three times, every-other-week, with the individual TSST-1 mutants, and
then these rabbits and control, non-immunized animals, (5/group) were challenged with
otherwise lethal doses of native TSST-1, either (10 μg/kg) plus LPS (10 μg/kg)
intravenously (5000 × LD50) [32] or alone (500 μg/kg) in miniosmotic pumps (71 μg/day;
5.5 × LD50) [33, 34].

In vitro test of antibodies against TSST-1 mutants to neutralize native TSST-1
Pre- and post-immunization sera from 10 rabbits per group immunized three times with
TSST-1 (G31S/S32P), TSST-1 (H135A), and TSST-1 (Q136A) were pooled and tested for
capacity to neutralize superantigenicity of native TSST-1 (1 μg/well) with use of rabbit
splenocytes in a standard 4 day assay [36].

Rabbit pulmonary illness model
Dutch-belted rabbits were administered MNPE (2 × 109 colony-forming units [CFUs] in 0.2
ml volumes) via intra-tracheal inoculation as described previously [31]. Briefly, rabbits were
anesthetized with subcutaneous injections of ketamine (25 mg/kg) and xylazine (25 mg/kg)
(Phoenix Pharmaceuticals, Burlingame, CA). Their necks were shaved, and small incisions
were made to expose the tracheas. Small (3 mm) incisions were made into the tracheas
before inserting 1 mm diameter polyethylene catheters (Becton, Dickinson, and Co, Sparks,
MD) and threading them into the left bronchi. MNPE was administered through the
catheters, and then catheters removed and incision sites closed. Rabbits were monitored for
7 days for the development of TSS symptoms (fever, diarrhea, reddening of conjunctivae,
and evidence of hypotension) and lethal illness, defined as the point 100% predictive of
impending death, including simultaneous failure of the animals to remain upright and failure
to exhibit flight responses. Animals were euthanized with intravenous injection of 1 ml/kg
of Beuthanasia-D (Shering-Plough. Westlake, TX). Surviving rabbits were euthanized at the
end of 7 days.

Rabbit infective endocarditis and sepsis model
New Zealand white rabbits were used for the rabbit model of infective endocarditis and
sepsis, as previously described [27]. Briefly, the rabbits were anesthetized with ketamine (25
mg/kg) and xylazine (25 mg/kg). Incisions were made on the left side of the necks to expose
the left common carotid arteries. Catheters were inserted into the left carotid arteries and
threaded until against the aortic valves, where they remained in place for 2 hr to induce
damage to the endothelia. After 2 hr, the catheters were removed and the surgical sites
closed. Doses of 2 × 108 CFUs of S. aureus MNPE were injected into the marginal ear veins.
Because the animals were injected intravenously, we were able to monitor progression to
lethal sepsis as well as infective endocarditis. Rabbits were monitored for 4 days for signs of
illness and lethality, as described above. At the time of impending death or after 4 days,

Spaulding et al. Page 6

Vaccine. Author manuscript; available in PMC 2013 July 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



rabbits were euthanized. Hearts were removed and examined for vegetations. If vegetations
were observed, they were excised, weighed, homogenized and serially diluted to determine
CFUs. If vegetations were not present, scrapings of the aortic valves were taken, serially
diluted, and plated.

CD40 and antibodies
Purified CD40 and CD40 ligand (CD154) were purchased from R and D Systems,
Minneapolis, MN. Monoclonal antibodies that neutralize CD40 interaction with CD40
ligand (CD154) and CD40 ligand were also purchased from R and D Systems.

Human Vaginal Epithelial Cells (HVECs)
HVECs from a pre-menopausal woman were described previously [37]. A second HVEC
line was purchased from ATCC. HVECs were cultured in keratinocyte serum-free medium
(KSFM) with antibiotics until 24 hr before use. At that time, the cells were changed to
KSFM without antibiotics. Experiments were performed in KSFM medium without
antibiotics. These cells were determined by flow cytometry to lack MHC II molecules on
their surfaces.

TSST-1 binding to CD40 by Western immunoblotting
CD40 (2 μg/lane) and control protein (ovalbumin; 2 μg) were electrophoresed in non-
denaturing PAGE and then transblotted onto PVDF membranes [38]. Membranes were
blocked by addition of 1% bovine serum albumin and 1% human serum for 30 min.
Subsequently, 0.033 μg/ml to 33 μg/ml of TSST-1, TSST-1 (Q136A), or TSST-1 (G31S/
S32P) were incubated with the membranes for 24 hr at room temperature. The membranes
were then washed and incubated successively with rabbit antibodies against TSST-1,
alkaline phosphatase-conjugated antibodies against rabbit IgG, and finally substrate, with
washing between steps.

Kd Determination for TSST-1 binding to CD40
Various concentrations of TSST-1, ranging from 0.033 μg/ml to 33 μg/ml, were incubated
individually with 2 μg CD40 on PVDF membranes overnight to ensure equilibrium in
binding. Subsequently, the membranes were washed and incubated successively with rabbit
antibodies against TSST-1, alkaline phosphatase-conjugated antibodies against rabbit IgG,
and finally substrate. The density of protein bands was compared to standard amounts of
purified TSST-1 treated similarly, with concentrations compared by NIH program ImageJ
(http://rsbweb.nih.gov/ij/). For Kd determination, Scatchard analysis was performed.

CD40 pull-down assay
Magnetic beads (Dynabeads, Invitrogen Life Sciences, Grand Island, NY) coated with
protein A were treated with goat IgG antibodies against TSST-1, then TSST-1, and finally
CD40 (2 ug), with washing between steps and after incubation with CD40. The resultant
preparations were treated with sodium dodecyl sulfate (SDS) PAGE sample buffer,
electrophoresed by SDS-PAGE [39], and then tested by Western immunoblotting for CD40.

Monoclonal antibodies that neutralize CD40 ligand binding to CD40 competition with
TSST-1 for CD40 binding on HVECs

Monoclonal antibodies against CD40 alone (xCD40; 20 μl undiluted), TSST-1 alone (100
μg/ml), isotype-matched monoclonal antibodies against streptococcal pyrogenic exotoxin A
(xSPEA) and monoclonal antibodies against CD40 + TSST-1, and monoclonal antibodies
against streptococcal pyrogenic exotoxin + TSST-1 were incubated with HVECs for 6 hr.
Subsequently IL-8 production was measured by ELISA. As an important control, we
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showed the same monoclonal antibodies against CD40 block CD40 ligand stimulation of
cytokine production from HVECs.

Statistics
Unpaired Student’s t test was used to compare fever responses between groups. Log-rank
test was used to compare differences in animal survival curves among groups. Bonferroni
method was used to adjust for multiple pairwise comparisons between groups. In assays of
TSST-1 interaction with CD40 on HVECs, values presented are standard errors of the mean;
mean differences were determined by Student t test analysis.

RESULTS
Rabbit antibody responsiveness

We determined the ability of rabbits to develop protective antibody responses to native
TSST-1 as an in vivo model to understand the mechanism for the lack of protective antibody
responses in humans. Rabbits, as opposed to mice, are highly susceptible to superantigens
and make an excellent model for studying factors important for the development of TSS [33,
34]. Immunization of 20 Dutch-belted rabbits with 25 μg/dose of native TSST-1 emulsified
in incomplete adjuvant every-other-week for three injections resulted in only 10/20 rabbits
developing antibody titers against TSST-1 and those were >10,000 as tested by ELISA,
where titer refers to the reciprocal of the last well dilution to give a positive color change
above background. For comparison, humans who are susceptible to TSS have antibody titers
of ≤40 against TSST-1, and humans who do not develop TSS have titers of ≥80 [33, 34].
Thus, the 10 rabbits that developed antibodies may be considered hyperimmune to TSST-1.

In contrast, the 10 remaining animals had antibody titers of <10, the lower limit of our
detection. These 10 non-responsive animals were next continuously immunized monthly for
up to 6 months or for as long as they survived. The rabbits were also monitored for
development of antibodies to TSST-1 by ELISA monthly. All 10 animals succumbed to the
vaccination attempts, with 7 dying after 6 months. At all tested time-points, all of these 10
rabbits had antibody titers of ≤10. Thus, the rabbit model appears to duplicate the human
situation in that a significant percentage of both humans and rabbits appear unable to
develop antibody responses to TSST-1. We have observed the same phenomenon for rabbit
antibody responses to the superantigens SEB and SEC (data not shown).

Immunization against mutant TSST-1 proteins
We next performed studies to evaluate whether or not rabbits could develop antibodies to
TSST-1 mutants that were inactivated in ability to bind to MHC II or Vβ-TCR. For these
studies, three site-specific mutants were constructed in tstH, leading to production of
TSST-1 proteins G31S/S32P that fails to interact with MHC II and H135A and Q136A that
fail to bind Vβ-TCR [30]. These three proteins were used separately to immunize 10 Dutch-
belted rabbits each, with 25 μg/dose for three every-other-week injections. Upon drawing
blood one week after the third injection, all 10 animals in each group (30 total) had antibody
titers of >10,000 against native TSST-1 as tested by ELISA. These data indicate the prior
failure of 50% of rabbits to develop antibody responses resulted from TSST-1 induced
dysregulation of immune responses, rather than genetic inability to recognize TSST-1 as a
foreign protein.

Residual toxicity of TSST-1 mutants
We used the three potential TSST-1 toxoids (G31S/S32P, H135A, and Q136A) as proof of
principle for ability to produce effective superantigen toxoids. None of the 30 immunized
rabbits above exhibited signs of TSS as a result of vaccination, suggesting the three mutant
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proteins were biologically inactivated. We tested the extent of inactivation of the mutant
proteins through three assays, maximizing the chances to observe residual toxicity.

We used 500 μg/kg TSST-1 or TSST-1 mutants for pre-treatment of 5 Dutch-belted rabbits
per group intravenously, followed by 100 μg/kg of LPS at the 4 hr time-point. Native
TSST-1 as expected caused high fevers, whereas all 3 mutants were non-pyrogenic (p<0.001
for comparison of TSST-1 to any mutant) (Figure 1A). Additionally, all 5 rabbits receiving
native TSST-1 followed by LPS, succumbed within 1 hr, but none of the 5 rabbits receiving
mutant TSST-1 proteins followed by LPS succumbed by 48 hr (p<0.008 for TSST-1
compared to any mutant) (Figure 1A). These data suggest that all 3 mutant proteins were
≥500,000-fold inactivated, and thus could be considered as toxoids.

Administration of the 3 TSST-1 mutants (1000 μg/animal; 143 μg/day or 10× LD50) in
miniosmotic pumps to 5 rabbits/group did not induce fevers, as measured on day 2 post-
implantation (p<0.001 for TSST-1 compared to any mutant), did not cause any TSS
symptoms, and did not cause deaths in any animals (Figure 1B). In contrast, native TSST-1
was pyrogenic, induced TSS symptoms, and caused the deaths of all 5 animals by 48 hr
(p<0.008 for TSST-1 compared to any mutant).

Native TSST-1 was superantigenic across the toxin range from 10 μg/well down to 10−6 μg/
well (Figure 2). None of the 3 TSST-1 mutants exhibited superantigenic activity, even at the
10 μg/well dose. These studies indicate the superantigencity of the mutants was reduced by
>107-fold.

Immunization against TSST-1 mutants protects rabbits from native TSST-1 lethality
With evidence that the three mutant TSST-1 proteins (G31S/S32P, H135A, and Q136A)
were converted into biologically inactive proteins that stimulate antibodies reactive against
TSST-1 as tested by ELISA, we examined the ability of these proteins to elicit protective
antibodies against the native toxin. Ten rabbits per group were immunized three times with
the individual TSST-1 mutants, their antibody titers were determined to be >10,000, and
then these rabbits and control, non-immunized animals, (5/group), were challenged one
week after the last immunization with otherwise lethal doses of native TSST-1, either (10
μg/kg) plus LPS (10 μg/kg) intravenously (5000 × LD50) or alone (500 μg/kg) in
miniosmotic pumps (71 μg/day; 5.5 × LD50). None of the 5 rabbits per group developed
fevers when challenged with TSST-1 in the LPS enhancement model, and none of the 5
animals/group succumbed after being given LPS at the 4 hr time-point. In contrast, all 5
control, non-immunized animals developed TSST-1 induced fevers, and all succumbed in <6
hr post-administration of LPS. In the miniosmotic pump model, none of the 5 animals/group
developed fevers, as measured on day 2 post-implantation, none showed TSS symptoms,
and none succumbed. In contrast, all 5 control, non-immunized animals showed fevers, and
all succumbed by 2 days post-implantation.

TSST-1 neutralization by antibodies
Prior to their challenge with native TSST-1, serum collected from the 10 rabbits above that
were immunized three times every-other-week with the mutant proteins were pooled. These
pooled sera and pooled sera from pre-vaccinated animals were tested in vitro for ability to
neutralize TSST-1 superantigenicity, as tested with rabbit splenocytes and 1 μg/well of
native TSST-1 (Figure 3). In these assays, undiluted and 1/10 and 1/100 diluted sera from
immune animals completely neutralized TSST-1 superantigenicity; even 1/1000 diluted
pooled sera from immune animals partially neutralized native TSST-1 superantigenicity. In
contrast, 20 μl of undiluted pre-immune pooled serum failed to neutralize superantigenicity.
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The data suggest the mechanism of immunizing against TSST-1 lethality is neutralization of
superantigenicity.

TSST-1 (Q136A) and TSST-1 (G31S/S32P) function as adjuvants to stimulate antibody
responses to other antigens

In a previous study with streptococcal superantigens, it was suggested that non-toxic mutant
superantigens may have intrinsic adjuvant activity [40]. This observation was formally
tested in immunization studies using a second staphylococcal antigenic toxin (β-toxin) with
and without two TSST-1 mutants (G31S/S32P and Q136A). Rabbits were immunized three
times and then assayed one week after immunization. Rabbits immunized with β-toxin alone
developed immune response antibody titers that increased from 100 after the first
immunization to 600 after the third immunization (Figure 4). In contrast, co-immunization
with β-toxin and either TSST-1 (G31S/S32P) or TSST-1 (Q136A) resulted in antibody titers
to β-toxins increasing from 200-300 after the first immunization to nearly 106 after the third
immunization. These data indicate that the MHC II mutant TSST-1 (G31S/S32P) and the
TCR mutant TSST-1 (Q136A) function as effective adjuvants.

Possible mechanism of adjuvanticity through the immune co-stimulatory molecule CD40
Our vaccination studies were performed in rabbits because these animals, like humans, are
highly susceptible to the toxic effects of superantigens. However, studies in rabbits restrict
our ability to determine the mechanism of adjuvanticity. Because of this problem, we
performed in vitro studies with use of human vaginal epithelial cells (HVECs) to determine
possible mechanisms of intrinsic adjuvanticity, based on our hypothesis that adjuvanticity
must occur through TSST-1 and immune cell receptor interactions independent of
superantigen interaction with MHC II and Vβ-TCR molecules. Thus, our studies focused on
additional TSST-1 receptors that could explain amplified antibody responses.

Our prior studies examined changes in HVEC gene expression following exposures to
TSST-1 by microarray analysis [37]. In addition to increasing the expression of cytokines
and chemokines, these studies indicated that CD40 RNA transcription was up-regulated
when ATCC HVECs were incubated with TSST-1 (unpublished data). CD40 is an important
immune co-stimulatory molecule required for optimal production of antibodies by B cells
[41]. Additionally, our studies determined that HVECs lack MHC II molecules on their
surfaces (data not shown). Thus, these cells provided an important cell line that we could use
to determine if TSST-1 interacts with CD40 as the potential receptor needed for
adjuvanticity.

Through use of non-denaturing PAGE, we demonstrated that TSST-1, TSST-1 (Q136A),
and TSST-1 (G31S/S32P) bound to CD40 in Western immunoblots (Figure 5), but did not
bind to electrophoresed ovalbumin as a negative control (not shown). The binding of all
three TSST-1 proteins appeared comparable. The comparable binding of all three proteins
indicates that regions of TSST-1 that interact with Vβ-TCR (Q136) and α-chain MHC II
(G31/S32) do not interact with CD40.

Through use of a fixed concentration of CD40 in Western immunoblots (2 μg), combined
with incubation with dilutions of TSST-1 ranging from 0.033 μg/ml to 33 μg/ml, and
comparison to standard amounts of TSST-1, the Kd of the interaction of CD40 with TSST-1,
as determined by NIH program ImageJ and Skatchard analysis, was approximately 2.7 ×
10−6 M.

In order to have an independent method to assess CD40 interaction with TSST-1, we used
pull-down assays to confirm binding. In this assay, magnetic beads coated with protein A
were treated with goat IgG antibodies against TSST-1, then TSST-1, and finally CD40 (2
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μg), with washing between steps and after incubation with CD40. The resultant preparations
were treated with sodium dodecyl sulfate (SDS) PAGE sample buffer, electrophored by
SDS-PAGE, and then tested by Western immunoblotting for CD40 (Figure 6). Controls
consisted of treating the beads without TSST-1 but with CD40. In the presence of TSST-1
on the beads, more CD40 was pulled down than in the absence of TSST-1, confirming that
TSST-1 bound to CD40.

We hypothesized that co-incubation of TSST-1 and monoclonal antibodies that neutralize
CD40 interaction with CD40 ligand on T cells with HVECs would result in interference
with IL-8 chemokine production. Unexpectedly, we observed a nearly 3-fold synergy in
IL-8 chemokine production when both TSST-1 and monoclonal antibodies against CD40
were incubated with the HVECs compared to TSST-1 alone (Figure 7); the monoclonal
antibodies to CD40 did not induce cytokine production. Additionally, an irrelevant
monoclonal antibody (monoclonal antibodies against streptococcal pyrogenic exotoxin A
(SPEA) did not synergize with TSST-1 to cause amplified IL-8 production. Finally, the
same monoclonal antibodies against CD40 block CD40 ligand stimulation of chemokine
production from HVECs (data not shown).

Collectively, these data suggest that TSST-1 binds to the immune co-stimulatory molecule
CD40, which is required for optimal stimulation of B cell to produce neutralizing antibodies.
This may account for the TSST-1 mutant toxoid adjuvanticity. It is likely that native TSST-1
interacts more prominently with MHC II and Vβ-TCR to mask the adjuvant effect.

Tri-valent vaccine prevents S. aureus pneumonia
We have shown previously that immunity to TSST-1 and SEC protects rabbits from intra-
pulmonary challenge with TSST-1, SEC or USA200 S. aureus producing TSST-1 and SEC
[17]. Other investigators have shown that immunity to staphylococcal α-toxin protects mice
from lethal pneumonia [16]. We thus evaluated the ability of a trivalent vaccine, composed
of TSST-1 (G31S/S32P), a low dose of native SEC, and combined with a non-toxic dose of
α-toxin (H35L) (5 rabbits) or wild-type α-toxin (6 rabbits) to protect from lethal pneumonia
with a high dose challenge with USA200 S. aureus MNPE (2 × 109 CFUs) that produces
high levels of TSST-1, SEC, and α-toxin. We also evaluated immunization against the non-
toxic mutant of α-toxin (H35L) (5 animals) or native α-toxin (5 animals) alone to protect
rabbits from similar challenge with S. aureus MNPE. Since we observed no differences in
antibody responses or protection from pneumonia in rabbits that had been immunization
with α-toxin (H35L) versus wild-type α-toxin (low dose immunization), we combined the
groups in data presented. All animals were immunized every-other-week for 3 injections in
incomplete adjuvant, shown to have high antibody titers (>10,000) against all three native
toxins by ELISA, and were challenged intra-pulmonary one week after the last
immunization, along with non-immune controls, with 2 × 109 MNPE. There were significant
differences in survivals among the groups (p<0.001). For rabbits immunized against the
trivalent vaccine containing TSST-1 G31S/S32P + SEC + α-toxin (H35L or native), all were
protected from lethal pneumonia (Figure 8a). In contrast, all 11 non-immunized animals
succumbed to the lethal challenge (p<0.001). Rabbits immunized with the α-toxin H35L
alone or native α-toxin alone showed delayed deaths due to challenge with MNPE, but
ultimately, 9/11 succumbed (p=0.001, compared to non-immunized controls). Rabbits
immunized against the trivalent vaccine had better survival than rabbits immunized against
α-toxin (H35L or native) alone (p<0.001).

Pentavalent vaccine prevents infective endocarditis and sepsis
We have previously shown that TSST-1, SEC, and staphylococcal β-toxin contribute to
infective endocarditis [9, 12]. These toxins are produced by USA200 S. aureus strains, the
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strains most commonly associated with persistent bacteremia and infective endocarditis [10].
We hypothesized that prior vaccination against the three major cytolysins of S. aureus (α-
toxin [H35L], β-toxin, and γ-toxin), combined with vaccination against TSST-1 (G31S/
S32P) and SEC, may protect rabbits from infective endocarditis and sepsis due to USA200
MNPE.

Rabbits (4-5/group) were immunized against these 5 proteins or α-toxin H35L alone every-
other-week for 3 injections. Control animals remained non-immunized. After immunization,
all animals were highly immune to each toxin by ELISA, and then all immune plus non-
immunized animals were challenged one week after the last immunization with MNPE in
our previously established model of infective endocarditis and sepsis. Rabbits previously
immunized with the pentavalent vaccine were significantly protected from lethal sepsis
(Figure 8b). Vegetation sizes for MNPE are typically up to 100 mg (data not shown). One
rabbit from the pentavalent immunized group died late on day 2 and had a vegetation of 6
mg with 1×108 CFU. The largest vegetation seen in the immunized rabbits was 14 mg while
the smallest was 1 mg, vastly smaller than the typical size associated with MNPE. The data
suggest that prior immunization against these 5 secreted toxins provided immune protection
against otherwise lethal challenge and significantly reduced vegetation size.

For rabbits previously immunized against α-toxin H35L alone, three of four developed
small vegetations (2-3 mg), and all succumbed from lethal sepsis (Figure 8b), though
lethality was delayed compared to the non-immunized control group (day 2 or 3 for H35L
immunized rabbits versus day 1 for control rabbits). There were significant differences in
overall survival among the groups (p=0.01). The survivals of animals immunized against α-
toxin alone and pentavalent vaccine were both significantly better than non-immunized
animals (p=0.002 and 0.001, respectively). Furthermore, rabbits immunized against
pentavalent vaccine were also significantly protected from lethal sepsis than rabbits
immunized against α-toxin alone (p=0.004).

All control, non-immunized animals in this study succumbed to lethal sepsis by 24 hr post
injection of MNPE (Figure 8b). None of the animals had significant vegetations, presumably
due to the rapidity with which the animals succumbed, though there was visual confirmation
of small vegetations forming on their aortic valves.

DISCUSSION
We have shown that immunization with secreted virulence factors produced by S. aureus
protects against pneumonia, infective endocarditis, and lethal sepsis caused by high-dose
challenge with a highly-pathogenic USA 200 strain. The challenge organism came from a
patient who succumbed to post-influenza TSS [24]. Immunization against TSST-1, SEC,
and α-toxin protects rabbits against pneumonia caused by the USA200 strain producing
these three exotoxins, and immunization with a pentavalent vaccine against TSST-1, SEC,
α-toxin, β-toxin, and γ-toxin protects rabbits against infective endocarditis and sepsis due to
the same organism. Control, non-immune rabbits succumbed to the infections, dying before
the end of the experiments.

Superantigens and cytolysins function critically in a number of illnesses caused by S. aureus
including necrotizing pneumonia, sepsis, and infective endocarditis [9, 13, 15, 16]. We
sought to create a vaccine based on the most common secreted virulence factors known to
participate in these diseases. The superantigens TSST-1, SEC, as well as the cytolysins α-
toxin, β-toxin, and γ-toxin were prime candidates; however we believe that a more effective
vaccine will additionally include SEB and SE-like X toxoids. Both of these exotoxins have
been shown recently also to participate in serious S. aureus illnesses [17, 42]. Thus, the
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studies in the present research are proof of principle that a polyvalent toxoid vaccine can be
developed to protect against serious staphylococcal infections.

Prior studies reported the inability of people to produce antibodies to superantigens [43-45].
There were two possible reasons for this: persons have genetic inabilities to recognize and
respond to the superantigens; or these individuals have hyperimmune responses to the
superantigens, resulting in immune dysregulation and lack of antibody responses. This latter
effect has been observed in patients with streptococcal TSS [46]. We sought to understand
the underlying mechanism, as genetic inability to respond would hinder using superantigen
toxoid vaccines. Typically, only small antigens with one or two epitopes would be expected
result in inability to recognize an antigen as foreign. Superantigens range in size from
19,000 to 30,000 molecular weight, and in comparison to other antigens, would be expected
to have multiple epitopes for antibody recognition [47, 48]. Although formally possible, this
makes it less likely that genetic inability to respond accounts for the lack of antibody
responses in 20% of adults. We showed in a rabbit model that 50% of animals appear unable
to develop antibody responses to native TSST-1, suggesting the same mechanism causes
their unresponsiveness as humans. However, 100% of rabbits are able to make antibody
responses when superantigenicity is removed through mutation. This suggests that the
inability to produce antibodies to superantigens results from hyper-responsiveness to
superantigens, leading to immune dysfunction through an unknown mechanism, rather than
genetic inability to respond.

We also performed extensive studies to show that the TSST-1 mutant proteins used in our
studies possess three important properties of toxoids. First, the mutant proteins contain no
detectable residual toxicities, appearing to be >107-fold inactivated by the most sensitive
test, superantigenicity, as tested in vitro. Additionally, with use of the most sensitive assays
in rabbit models of TSS, we demonstrated that the proteins are >500,000-fold inactivated.
Other studies with use of streptococcal superantigens to develop toxoid vaccines have also
shown that mutation of immune cell contact residues greatly reduces residual activities [40,
49]. From a safety perspective double mutants such as TSST-1 (G31S/S32P) would be the
most useful in vaccines since reversion to toxicity is unlikely. Like TSST-1 mutants, our
studies and prior studies [16] show that the H35L mutation of α-toxin inactivates the
cytolysin activity. This is particularly important since rabbits are killed by 0.1 μg
intravenously of native α-toxin in 1 hr [23]. Second, prospective toxoid proteins must be
immunogenic, preferably with few vaccinations. Our studies showed that exceptionally
high-titer antibodies are formed by three injections. Importantly, prior studies suggested but
did not prove that superantigens have intrinsic adjuvanticities [40]. The present studies
demonstrate this activity clearly, showing that non-toxic superantigen mutants amplify
immune responses to a second antigen, staphylococcal β-toxin, by 10 to 100-fold. We have
also shown this adjuvanticity with multiple other antigens, including HIV proteins and sheep
erythrocytes (data not shown). Third, toxoids must elicit antibodies that protect against
native toxin. By multiple assays, we demonstrated that antibodies against TSST-1 toxoids
are capable of neutralizing superantigenicity and capable of protecting rabbits from lethal
challenge by native TSST-1. The rabbits have antibody titers >10,000. From prior studies,
we and others have shown that healthy humans who do not develop TSS most often have
antibody titers against TSST-1 between 80 and 320 [44, 45, 50].

We have explored the possible mechanism of adjuvanticity of TSST-1 mutants. This effect
is not seen with use of wild-type TSST-1 which is more likely to result in antibody
immunosuppression than in adjuvanticity. Rabbits like humans are highly susceptible to
superantigens, but insufficient reagents are available to determine the mechanism of
adjuvanticity. Thus, we used data obtained from prior studies with human epithelial cells
exposed to TSST-1 to study this possible effect, with the hypothesis that TSST-1 mutant
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toxoids that function as adjuvants must interact with a host cell receptor other than the two
known receptors that cause TSS, namely MHC II and Vβ-TCR. Our studies suggest that
TSST-1 binds to the immune co-stimulatory molecule CD40 that is required for optimal
production of antibodies by B cells [41]. Our studies showed that TSST-1 directly binds to
purified CD40 in Western immunoblots and in CD40 pull-down assays. Additionally, our
previous studies show TSST-1 interaction with HVECs leads to increased chemokine
production despite HVECs lacking T cell receptors and MHC II molecules [37].
Interestingly, monoclonal antibodies that mimic T cell CD40 ligand binding to CD40 do not
block cytokine production, but in fact lead to synergy in chemokine production. We
hypothesize that this effect accounts for the adjuvant effect that leads to amplified antibody
production in the presence of TSST-1 mutant toxoids. Additional studies are needed to
verify this hypothesis.

As proof of principle for protective ability of a cocktail vaccine against secreted virulence
factors, rabbits were immunized with a trivalent vaccine of TSST-1 (G31S/S32P), native
SEC, and α-toxin (H35L or wild-type) a protein previously used as to protect mice from
lethal staphylococcal pneumonia. The animals were challenged intra-pulmonary with a
highly lethal dose of a USA200 strain producing all three of these secreted virulence factors.
All of the vaccinated animals survived and exhibited immunity to the organisms. These data
suggest that these secreted virulence factors are critical for establishing pulmonary
infections, in addition to their causing lethality. Similarly, a pentavalent vaccine composed
of 5 secreted virulence factors significantly protected rabbits against lethal sepsis and
reduced the severity of infective endocarditis due to challenge with the same organism. In
some studies, we immunized rabbits against α-toxin (H35L) or native α-toxin only and
challenged with the highly lethal dose of MNPE. Partial protection was observed. It is
possible that greater protection would have been observed if the challenge dose was not as
high. However, the survival studies with high dose challenge clearly emphasize the
advantage of having multiple secreted factors in the vaccine.

In our studies, we did not have available toxoids for all of the superantigens and cytolysins
we wished to assess. However, our studies demonstrate that an appropriate vaccine with
multiple toxoids may be protective. In our prior studies, we have already identified the
critical amino acids necessary for activity of SEB, and SEC, just as we have used previous
studies to identify the critical residues in TSST-1 [19]. We have also shown that these
toxoids are highly inactivated [19]. Additionally, others have identified key residues in α-
toxin [16], and we have completely inactivated β-toxin by mutation of two active site
residues [51]. There is no compelling reason to mutagenize γ-toxin since these heptamer
pore-forming toxins require two different chains for activity [52]. We suggest that
immunization can be accomplished with use of the shared B chain. Our current efforts are
being directed towards identification of important residues for mutation in SE-like X.

Collectively, these results suggest that a vaccine composed of common secreted virulence
factors produced by Staphylococcus aureus is capable of protecting rabbits from lethal
staphylococcal disease. Future studies in our laboratory seek to explore the possibility of
adding in other secreted virulence factors, including SEB and the newly discovered SE-like
X.

CONCLUSIONS
Patients with staphylococcal TSS do not develop neutralizing antibody responses to the
superantigen TSST-1, and thus they remain susceptible to TSS recurrences. This effect
results from immune dysfunction due to TSST-1, rather than genetic inability to recognize
the superantigen as foreign. TSST-1 may be >107 inactivated by genetic modification of
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amino acid residues in the MHC II and Vβ-TCR sites; resultant mutants stimulate protective
immunity against native TSST-1 and function as adjuvants to amplify antibody responses to
secondary antigens. Immunization against cocktails of secreted superantigens and cytolysins
protects rabbits from lethal pneumonia, infective endocarditis, and sepsis.
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Highlights

1. Vaccination against Staphylococcus aureus is achieved with toxoids.

2. Toxoids are >107 inactivated and stimulate immunity to S. aureus.

3. Superantigen toxoids exhibit adjuvant activity dependent on Immun Co-
stimulatory molecule CD40 binding activity.

4. Protective neutralizing antibodies are produced in rabbits to toxic shock
syndrome toxin-1.
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Figure 1.
A. Pyrogenicity ± standard deviation over a 4 hr period and enhancement of lethal LPS
shock (Alive/Total) by 500 μg/kg TSST-1 (■), G31S/S32P (◆), H135A (▲), and Q136A
(●). TSST-1, G31S/S32P, H135A, and Q136A were administered intravenously at 0 hr;
LPS (100μg/kg) was administered intravenously at 4 hr, just after taking the 4 hr
temperatures. Alive/Total refers to the number of animals that survived as measured 48 hr
post LPS injection.
B. Pyrogenicity on day 2 ± standard deviation and lethality over a 7 day period due to
TSST-1, G31S/S32P, H135A, and Q136A administered subcutaneously as 1000 μg/
miniosmotic pump.
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Figure 2. Superantigenicity ± standard deviation of TSST-1 (■), G31S/S32P (◆), H135A (▲),
and Q136A (●) for rabbit splenocytes in a 4-day assay
Rabbit splenocytes (2 × 105/well) were incubated with TSST-1 and mutants for 3 days, and
then 1 μCi 3H-thymidine per well added for 24 hr. DNA was harvested, and counts per
minute determined as a measure of T cell proliferation.
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Figure 3. Comparison of pooled rabbit sera from non-immune animals versus animals
hyperimmune to TSST-1 mutants G31S/S32P, H135A, and Q136A to inhibit superantigenicity of
TSST-1 (1 μg/well), as tested in a 4 day assay with rabbit splenocytes
Splenocytes were incubated with designated dilutions of sera + TSST-1 for 3 days, and then
1 μCi 3H-thymidine added for 24 hr. DNA was harvested and counts/min determined as a
measure of lymphocyte proliferation. Counts/min splenocytes + TSST-1 = 110,801 ± 8647.
Counts/min splenocytes alone = 7248 ± 1164.
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Figure 4. Antibody titer to β-toxin of rabbit (5/group) immunized against staphylococcal β-toxin
alone and β-toxin mixed with TSST-1 mutants G31S/S32P and Q136A
Titers represent the reciprocal of the serum dilution to give a positive color change by
ELISA when tested against β-toxin.
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Figure 5. Wild-type TSST-1, TSST-1 (Q136A), and TSST-1 (G31S/S32P) bind to non-denatured
CD40 in Western immunoblots
CD40 (2 ug/lane) was subject to non-denaturing PAGE and either stained with Coomassie
blue (lane 1) or tranblotted to PVDF membranes. Blots were incubated consecutively with
TSST-1 proteins, rabbit antibodies against TSST-1, alkaline phosphatase-conjugated
antibodies against rabbit IgG, and substrate.
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Figure 6. Wild-type TSST-1 immobilized on beads pulls-down CD40
TSST-1 was immobilized on magnetic Dynabeads and then used to bind purified CD40.
Control beads lacked TSST-1 and were treated comparably with CD40. After washing,
beads were treated with SDS-PAGE buffer and samples electrophoresed in SDS-PAGE gels.
Subsequently, proteins were transferred to PVDF membranes and probed with monoclonal
antibodies to CD40, alkaline phosphatase-conjugated antibodies to mouse immunoglobulin,
and then substrate.
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Figure 7. HVECs treated with TSST-1 and monoclonal antibodies against CD40, that neutralize
interaction with T cell CD40 ligand, synergize to cause chemokine production
Monoclonal antibodies against CD40 alone (xCD40; 20 μl undiluted), TSST-1 alone (100
μg/ml), isotype-matched monoclonal antibodies against streptococcal pyrogenic exotoxin A
(xSPEA) and monoclonal antibodies against CD40 + TSST-1, and monoclonal antibodies
against streptococcal pyrogenic exotoxin + TSST-1 were incubated with confluent HVECs
in 96 well microtiter plates in triplicate for 6 hr. Subsequently IL-8 production was
measured by ELISA. Bars represent standard error of the means.
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Figure 8.
A. Protection of rabbits from lethal S. aureus USA200 pneumonia by vaccination against
TSST-1 (G31S/S32P) + SEC + α-toxin (H35L or wild-type) and partial protection by
vaccination against α-toxin (H35L). Rabbits (11/group) were immunized three times with
antigens, TSST-1 (G31S/S32P) + SEC + α-toxin (H35L or wild-type) as a cocktail (■) or
α-toxin (H35L) alone (◆), or remained non-immunized (▲). Antigens were emulsified in
incomplete adjuvant and immune animals plus non-immune control animals challenged
intrapulmonary with 2 × 109 S. aureus MNPE. Rabbits immunized against TSST-1 (G31S/
S32P) + SEC + α-toxin (H35L or wild-type) were significantly protected from lethality
compared to non-vaccinated animals or animals vaccinated against α-toxin (H35L or wild-
type) alone (p<0.001). Animals vaccinated against α-toxin (H35L or wild-type) were
significantly delayed in lethality compared to non-vaccinated controls (p=0.001). B.
Protection of rabbits from lethal sepsis by immunization against five S. aureus exotoxins.
Rabbits were immunized three times with TSST-1 (G31S/S32P), SEC, α-toxin (H35L), β-
toxin, and γ-toxin (■) or α-toxin (H35L) alone (◆), or remained non-vaccinated (▲).
Challenge organism was intravenous USA200 S. aureus MNPE (2 × 108/2 ml volume in
PBS).
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