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Previous work in our laboratory revealed that mice parenterally vaccinated with recombinantly attenuated
staphylococcal enterotoxin (SE) or toxic shock syndrome toxin 1 develop protective antibodies against a lethal
intraperitoneal (i.p.) toxin challenge. This study investigated the efficacy of nasal and oral immunizations with
an SEB vaccine (SEBv) toward an i.p. or mucosal (via an aerosol) toxin challenge. Both vaccination routes,
with the immunoadjuvant cholera toxin (CT), elicited comparable SEB-specific immunoglobulin A (IgA) and
IgG levels in saliva. Nasal or oral inoculations also generated SEB-specific IgA, IgG, and IgM in the serum,
but the nasal route yielded higher specific IgG titers. SEBv alone, when given nasally or orally, did not induce
any detectable SEB-specific antibody. Mice vaccinated mucosally were protected against a 50% lethal dose of
wild-type SEB given i.p. or mucosally, thus demonstrating that nasal or oral administration of this SEBv, with
CT, elicits systemic and mucosal antibodies to SEB that protect against SEB-induced lethal shock.

Staphylococcal enterotoxins (SE), produced by the ubiqui-
tous Staphylococcus aureus, are single-chain, 23- to 29-kDa
proteins with potent immunomodulating properties (8, 27).
These toxins (SEA to SEI) are commonly associated with a
prevalent form of food poisoning and some cases of toxic
shock. SE-induced shock is linked to greatly increased levels of
proinflammatory cytokines following Vb-specific stimulation
of T lymphocytes. It is still unclear whether SE food poisoning
is also associated with elevated cytokine levels, but Vb81 T
cells found in the gut-associated lymphoid tissue of mice are
activated by orally administered SEB (21). Overall, the SE are
considered important virulence factors that enable S. aureus to
survive and then flourish in various niches (11). Therefore, the
SE represent an obvious vaccine target that may be useful for
combating S. aureus infections (19), including those attributed
to increasingly prevalent strains possessing vancomycin resis-
tance (13).

Previous vaccine studies have shown that mice and nonhu-
man primates are effectively immunized against a lethal dose
of SE (4, 15, 16, 26, 28–30). However, vomiting and/or diarrhea
are still evident in orally, intratracheally, or intramuscularly
vaccinated primates given an oral or aerosol toxin challenge (5,
15, 26). Repeated oral doses with a formaldehyde toxoid of
SEB are not very efficacious against the enteric ill effects of
orally given SEB (5). However, oral administration of an emetic
or subemetic dose of wild-type SEB provides a temporary
resistance that wanes over a week to a subsequent homologous
toxin challenge (25). This transient protection is probably not
mediated by antibodies, but clonal anergy of Vb-specific lym-
phocytes likely plays a role (18). A method for generating
potentially efficacious mucosal vaccines for SE involves car-

boxymethylation of histidines within SEA (22) and SEB (1),
which effectively abrogates the enterotoxicity, but not mitoge-
nicity, of these proteins when given orally to nonhuman pri-
mates.

This study explores the possibility of nasally and orally im-
munizing mice with a recombinantly attenuated SEB vaccine
(SEBv) (28), with and without a potent mucosal adjuvant like
cholera toxin (CT) (10). SEB-specific antibodies in the saliva
and sera were detected by an enzyme-linked immunosorbent
assay (ELISA), and the mice were finally challenged intraperi-
toneally (i.p.) or mucosally (via aerosol) with a lethal dose of
wild-type SEB.

MATERIALS AND METHODS

Reagents. Recombinantly attenuated SEBv was produced as described previ-
ously (28). The vaccine differed from wild-type toxin at residues 45 (leucine
changed to arginine), 89 (tyrosine changed to alanine), and 94 (tyrosine changed
to alanine), which prevents SEB binding to major histocompatibility complex II
but maintains proper protein folding and antigenicity. CT and alum were pur-
chased from List Biological Laboratories (Campbell, Calif.) and Pierce Chemical
(Rockford, Ill.), respectively. Purified SEB was obtained from Toxin Technology
(Sarasota, Fla.), and Escherichia coli O55:B5 lipopolysaccharide (LPS) was pur-
chased from Difco Laboratories (Detroit, Mich.). All reagents were diluted in
sterile, endotoxin-free phosphate-buffered saline, pH 7.4 (PBS).

Vaccinations and toxin challenge. BALB/c mice (18 to 22 g) were purchased
from the National Cancer Institute (Frederick, Md.) and housed in a pathogen-
free environment. Preimmune sera, collected from the tail vein, and saliva,
collected in a caraway tube (Fisher Scientific, Pittsburgh, Pa.) following an i.p.
injection (5 mg/kg of body weight) of pilocarpine (Sigma, St. Louis, Mo.), were
obtained from each animal before vaccination. Mice were anesthetized with a
ketamine (2.4 mg/kg)-acepromazine (0.024 mg/kg)-xylazine (0.27 mg/kg) mixture
before nasal or oral inoculations (30 ml/dose) of SEBv with or without CT (5 mg
nasally or 10 mg orally). Additional controls were given CT alone. Mice were also
vaccinated with SEBv plus alum or alum alone (200 ml/i.p. dose). All groups
received three vaccinations administered every 2 weeks. Sera and saliva were
collected 1 week after the final immunization, and mice were then challenged 3
days later with a lethal mucosal (115 to 121 mg ;7 to 8 50% lethal doses [LD50])
or i.p. (7.5 to 10 mg ;25 to 30 LD50) dose of SEB and a potentiating amount of
LPS (75 mg) administered i.p. (14, 23, 29, 30). SEB was administered mucosally
via an aerosol generated by a Collison nebulizer (BGI Inc., Waltham, Mass.) in
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a temperature- and humidity-controlled, nose-only chamber (14). An indepen-
dent-samples t test (SPSS/PC1; SPSS, Chicago, Ill.) was used to compare sig-
nificant differences (P , 0.05) of survival between vaccinated groups and the
appropriate adjuvant-only controls.

ELISA. The serum or saliva samples from commonly vaccinated mice were
pooled, and anti-SEB titers of each group were determined by an ELISA.
Seroconversion of each animal was also tested by adsorbing 1 mg of SEB/ml of
carbonate buffer (pH 9.6) onto Immulon II microtiter plates (Dynatech Labo-
ratories, Chantilly, Va.). After overnight incubation at 4°C, plates were blocked
for 1 h at 37°C with 3% skim milk in PBS. Serum or saliva samples were diluted
in PBS containing 0.1% Tween 20 (PBST) plus 1% milk (PBSTM) and added to
aspirated wells for 1 h at 37°C. Wells were again aspirated and then washed with
PBST, and goat anti-mouse immunoglobulin A (IgA) or sheep anti-mouse IgG
(Sigma) was diluted in PBSTM and added for 1 h at 37°C. Wells were finally
washed with PBST and incubated with p-nitrophenyl phosphate substrate for 30
min (serum samples) or overnight (saliva samples) at room temperature. Data
represent the mean absorbance (405 nm) of triplicate readings 6 standard
deviation.

SEB-specific antibodies were isotyped by an ELISA with a panel of rabbit
anti-mouse immunoglobulin sera (Bio-Rad Laboratories, Hercules, Calif.) as
described by the manufacturer. Results are presented as the mean reading of
duplicate wells (6 10% deviation) minus the mean of negative control wells
containing no sera but all other reagents.

RESULTS

SEBv inoculations and seroconversion. Earlier studies
clearly demonstrate that antibodies elicited by parenterally
administered vaccines for SEB, or premixing of SEB-specific
antisera with toxin before injection into naive mice, protect
animals against SEB-induced lethal shock (28–30). To extend
these findings, we first determined if three nasal or oral doses
of SEBv (20 or 50 mg each), without CT adjuvant, could effec-
tively elicit SEB-specific antibodies. None of these animals
(five per group) developed SEB-specific antibodies in their
serum or saliva and were subsequently not protected against a
lethal i.p. challenge of SEB. In contrast, there was SEB-specific
IgA, IgG1, IgG2a, and IgM in sera after three inoculations (20

mg of SEBv each) given i.p. with alum, or nasally and orally
with CT (Fig. 1). Control animals that received nasal or oral
doses of CT alone, or alum i.p., did not develop SEB-specific
antibodies.

Additional studies determined the anti-SEB serum titers
(IgG) of vaccine groups administered two and three mucosal
doses consisting of 2.5 or 20 mg of SEBv plus CT (Fig. 2).
SEB-specific IgG levels noticeably increased in each group
following three (Fig. 2B), versus two (Fig. 2A), vaccinations.
Either dose of SEBv plus CT given nasally, after two or three
inoculations, elicited higher serum IgG titers than doses given
by the oral or i.p. route. There was no evidence of SEB-specific
IgG after two oral doses of 2.5 mg of SEBv plus CT, and
neither route elicited detectable levels of SEB-specific IgA,
IgG, or IgM in sera or saliva after a single vaccination. Mice
(eight per group) vaccinated nasally or orally with 0.625 mg of
SEBv plus CT did not develop SEB-specific antibodies in se-
rum or saliva after three inoculations (data not shown), which
established that the minimal dose of mucosally administered
SEBv necessary for generating toxin-specific antibodies was
between 2.5 and 0.625 mg.

In addition to the pooled sera data (Fig. 2), serum from each
mouse was also diluted 1:100 and tested for anti-SEB IgG after
two and three vaccinations (Table 1). There were a higher
percentage of seropositive mice following two or three nasal,
versus oral, inoculations at either SEBv dose. Particularly strik-
ing, after two doses of SEBv (2.5 mg) plus CT, was the different
seroconversion rates among nasal (77%) and oral (0%) vacci-
nees.

SEB-specific antibodies were also detected within the
pooled saliva from nasal and oral vaccinees after three (Fig. 3),
but not two (data not shown), inoculations. Only the nasally
and orally vaccinated mice developed SEB-specific IgA and

FIG. 1. Isotyping of SEB-specific antibodies in pooled sera after three vaccinations of SEBv given nasally, orally, or i.p. Mice were given 20 mg
of SEBv and 5 or 10 mg of CT (nasal and oral routes, respectively) or alum (i.p.) per dose. Controls received adjuvant without SEBv by the same
inoculation routes. Sera were pooled within each group (n 5 10 mice) and diluted 1:100. Data represent the mean absorbance of duplicate wells
6 10%.
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FIG. 2. Comparison of serum anti-SEB IgG titers among nasally and orally vaccinated mice after two (A) and three (B) inoculations with 2.5
or 20 mg of SEBv plus CT. Pooled sera from commonly immunized mice (n 5 10 per group) and control animals (CT oral shown, although CT
nasal and alum i.p.-only controls also resulted in similar data) were diluted serially (1:50 to 1:156,250). Data represent the mean absorbance of
triplicate wells 6 standard deviation.
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IgG in their saliva, unlike animals injected i.p. with 20 mg of
SEBv plus alum. However, the anti-SEB titers found in the
saliva of nasally and orally vaccinated mice were low and un-
detectable beyond a 1:10 dilution.

Toxin challenge studies. After determining that mice given
SEBv plus CT nasally or orally developed systemic and muco-
sal antibodies toward SEB, animals vaccinated three times
were then challenged with a lethal i.p. or mucosal (aerosolized)
dose of toxin (Table 2). The percent survival among i.p. or
mucosally challenged mice was comparable for groups previ-
ously vaccinated i.p. (SEBv plus alum) or nasally (SEBv plus
CT), yet these results were significantly different from those for
the alum or CT (nasal) controls. In contrast, mice inoculated

orally (20 or 2.5 mg of SEBv plus CT) were not protected
against an i.p. toxin challenge, as evidenced by statistical com-
parisons with the 10 mg of CT (oral) control group. However,
oral vaccinations were statistically effective toward a mucosal

TABLE 2. Protection among vaccinated mice against an i.p. or
mucosal SEB challenge

Vaccination dose (route)

No. survived/no. challengeda

(% survival)

i.p. challenge Mucosal
challenge

20 mg of SEBv 1 alum (i.p.) 10/10 (100)b 8/8 (100)b

10 mg of SEBv 1 alum (i.p.) ND 5/8 (63)b

5 mg of SEBv 1 alum (i.p.) 10/10 (100)b ND
Alum only (i.p.) 0/10 (0) 0/12 (0)

20 mg of SEBv 1 10 mg of CT (oral) 3/8 (38)c 6/8 (75)d

10 mg of SEBv 1 10 mg of CT (oral) ND 5/6 (83)d

2.5 mg of SEBv 1 10 mg of CT (oral) 1/8 (13)c ND
10 mg of CT (oral) 0/7 (0) 0/12 (0)

20 mg of SEBv 1 5 mg of CT (nasal) 8/8 (100)e 8/8 (100)e

10 mg of SEBv 1 5 mg of CT (nasal) ND 7/7 (100)e

2.5 mg of SEBv 1 5 mg of CT (nasal) 6/7 (86)e ND
5 mg of CT (nasal) 0/6 (0) 1/10 (10)

None ND 0/11 (0)

a The i.p. challenge consisted of 25 to 30 LD50 of SEB; the mucosal challenge
consisted of 7 to 8 LD50 of aerosolized SEB. ND, not determined.

b Significantly different (P , 0.05) from alum-only control.
c Not significantly different (P . 0.05) from 10 mg of CT (oral) control.
d Significantly different (P , 0.05) from 10 mg of CT (oral) control.
e Significantly different (P , 0.05) from 5 mg of CT (nasal) control.

TABLE 1. Seroconversion (anti-SEB IgG) following two and three
nasal or oral vaccinations with SEBv 1 CT

Vaccination
% Seroconversiona

2 vaccinations 3 vaccinations

Oral
2.5 mg of SEBv 1 CT (n 5 10) 0 30
20 mg of SEBv 1 CT (n 5 10) 20 80

Nasal
2.5 mg of SEBv 1 CT (n 5 9) 77 100
20 mg of SEBv 1 CT (n 5 10) 60 100

a The serum from each mouse was collected 7 days after the second and third
vaccinations, diluted 1:100, and tested by an ELISA for SEB-specific IgG. Sera
were considered positive if the mean A405 of triplicate wells was at least 10-fold
greater than the mean A405 for preimmune sera from the same animal.

FIG. 3. Comparison of anti-SEB-specific IgA and IgG in salivary secretions among nasally and orally vaccinated mice given three inoculations
with 2.5 or 20 mg of SEBv plus CT. Pooled saliva from each vaccine group (n 5 10 mice) and controls given CT was diluted 1:5. Data represent
the mean absorbance 6 standard deviation of triplicate wells.

2034 STILES ET AL. INFECT. IMMUN.



SEB challenge. Overall, these results demonstrate that this
SEBv is efficacious when given mucosally and that the nasal
vaccination route provided better seroconversion rates and
protection against a lethal toxin challenge than did the oral route.

DISCUSSION

Recombinant SEA (4), SEB (29, 30), or toxic shock syn-
drome toxin 1 (24) vaccines, when given parenterally to mice
using the model described in this study (23), have proven quite
efficacious against an i.p. challenge with homologous toxin.
Intramuscular vaccinations of nonhuman primates with SEBv
plus alum confirm our previous murine findings that vaccinated
animals develop SEB-specific antibody and are protected
against SEB-induced lethal shock (28). However, all previous
nonhuman primate studies suggest that a better vaccine, and/or
delivery system, is necessary to prevent the enteric ill effects of
mucosally administered SEB (5, 15, 26). Although mice lack an
emetic reflex, these animals afford a reasonable model to (i)
investigate whether a target antigen given mucosally elicits an
antibody response and (ii) determine if there is protection
against the lethal effects of wild-type toxin given mucosally (via
aerosol) or parenterally (i.p.). At this time, our study is the first
to use a recombinantly attenuated SE as a mucosal vaccine in
any animal model.

Historically, an attempt to abrogate the enteric ill effects of
SEB in nonhuman primates was first reported by Bergdoll (5).
However, repeated oral doses of formaldehyde-inactivated
SEB toxoid provide limited protection against SEB-induced
emesis. Evidently, there was no attempt to determine the pres-
ence of SEB-specific antibodies in serum or at various mucosal
sites. These disappointing findings may be linked to inefficient
processing and/or presentation of formaldehyde-treated pro-
teins by antigen-presenting cells (9). Furthermore, inactivation
of pertussis toxin by formaldehyde significantly diminishes mu-
cosal immunogenicity versus a recombinantly attenuated ver-
sion of this molecule (7). It is possible that the SE, like per-
tussis toxin, do not represent optimal mucosal immunogens
after formaldehyde treatment.

In slight contrast to the results for oral dosing, subcutaneous
vaccinations of nonhuman primates with the same SEB toxoid
adsorbed onto alum are more effective at preventing emesis,
but neither vaccination route unequivocally prevents SEB-in-
duced emesis (5). Additionally, early SE vaccine studies must
be carefully interpreted, as “homogeneous” toxin preparations
were relatively impure and likely contaminated with other en-
terotoxins and/or biologically active proteins. More recent vac-
cine studies in nonhuman primates have used a highly purified
SEB toxoid (formaldehyde inactivated) incorporated into me-
ningococcal proteosomes with and without alum (15) or mi-
crospheres (26). SEB toxoid with proteosomes (no alum) or
microspheres, when given orally or intratracheally to nonhu-
man primates, effectively elicits systemic and mucosal antibod-
ies toward SEB that prevent lethal shock following an aerosol-
ized toxin challenge. Intramuscular injections of a SEB toxoid-
proteosome-alum mixture generates systemic, but not mucosal,
antibodies toward SEB that also protect against SEB-induced
lethal shock (15). However, with any of these SEB toxoid
preparations given via different routes, enteric effects like eme-

sis and/or diarrhea are still evident in vaccinated nonhuman
primates after an aerosol SEB challenge.

In addition to their nonhuman primate study (15), Lowell et
al. (16) nasally vaccinated mice using SEB toxoid with and
without meningococcal proteosomes. Although their results
reveal very low levels of SEB-specific antibody in the sera,
lungs, and intestines of mice vaccinated twice with toxoid alone
(50- or 100-mg dose), we did not detect any SEB-specific an-
tibody among animals nasally vaccinated three times with 20 or
50 mg of SEBv alone. A possible explanation may be antigen
aggregation after chemical (formaldehyde) inactivation of
SEB, which may fortuitously generate a more immunogenic
target for the mucosal immune system. We did test a heat-
generated aggregate of SEBv as an intranasal antigen (50 mg/
dose), but there were no detectable SEB-specific antibodies,
with or without CT adjuvant, after three inoculations (B. G. Stiles,
unpublished data). Potential epitopes on the SEBv molecule were
likely destroyed during the heating process. Additionally, the re-
sults from Lowell et al. (16) reveal only 40 and 53% survival
among mice immunized nasally with proteosomes containing
SEB toxoid (50 to 100 mg) and respectively challenged mucosally
and intramuscularly with homologous toxin. In contrast, our stud-
ies showed that nasally administered SEBv (20 mg) plus CT (5 mg)
was 100% protective against an i.p. or mucosal toxin challenge.
However, results from this study or that of Lowell et al. (16)
clearly show no protective efficacy toward SEB among mice mu-
cosally vaccinated with SEBv or SEB toxoid without CT or pro-
teosomes, respectively. These data strongly suggest the impor-
tance of discovering a new adjuvant, or antigen display vehicle, to
effectively stimulate mucosal immunity toward SEB and other SE.

The efficacy of various recombinant SE vaccines adminis-
tered parenterally, and the protective effects of toxin-specific
antibodies in serum, have been clearly established using an i.p.
challenge model in mice (4, 29, 30). For the present study,
vaccinated mice were also challenged with mucosally adminis-
tered SEB (14). We found that mice injected i.p. with 20 mg of
SEBv plus alum, which had no detectable SEB-specific IgA or
IgG in their saliva, were protected against a lethal mucosal
challenge with SEB. In contrast, there was SEB-specific IgA
and IgG in the saliva of nasally or orally vaccinated mice as
well as SEB-specific IgA, IgG1, IgG2a, and IgM in the sera.
Like the results from previous SE vaccine studies in mice with
parenteral inoculations and a subsequent i.p. toxin challenge
(4, 29, 30), systemic antibodies alone afforded enough protec-
tion against a lethal mucosal dose of SEB in this mouse model.

In addition to the demonstrated efficacy of SE vaccines to-
ward a lethal toxin challenge, subcutaneous injections of mice
with recombinantly attenuated SEA also afford protection
from S. aureus infections (19). The SE represent an ideal
vaccine target, as they are important virulence factors that
down regulate the immune system via anergy of specific T-cell
populations (11). These results are also very timely, as there
are increasing concerns regarding the emergence of vancomy-
cin-resistant strains of S. aureus (13) and exacerbation of in-
fluenza symptoms by the SE (17), which further imperil the
elderly and immunocompromised.

Mucosal vaccines for the SE are also logical, as S. aureus
actively colonizes various mucosal sites, including the gastro-
intestinal tract. A recent clinical report by Gravet et al. (12)
shows that a significant number of patients with antibiotic-
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associated diarrhea suffer from SEA-producing strains of S.
aureus that colonize the gut mucosa. Mucosal vaccination with
a recombinantly attenuated SEA molecule may afford enteric
relief, especially among patients with recurring diarrheic epi-
sodes. Recent data from our laboratory reveal that a recom-
binant SEA vaccine, when given nasally or orally with CT,
elicits systemic antibodies to SEA and protection against an
i.p. toxin challenge (Stiles, unpublished data).

Finally, the use of CT as a mucosal adjuvant for humans has
not been approved by the Food and Drug Administration.
However, CT represents the “gold standard” for mucosal im-
munoadjuvants and enables experimental testing of the immu-
nogenic and protective potential of any mucosally adminis-
tered antigen (10). Various laboratories are attempting to
recombinantly diminish the enterotoxic effects of CT (31), or
the closely related E. coli heat-labile enterotoxin (6), and still
retain immunostimulatory properties. For our study, we simply
sought to determine if mucosally administered SEBv was suf-
ficiently potent to elicit protective antibodies, with or without
CT as an adjuvant. Another adjuvant like CT, with similar
immunopotentiating properties but fewer side effects, or per-
haps chimeric virus-like particles that are naturally entero-
tropic (2, 3, 20) and fused to a recombinant SE vaccine, may
provide better protection against the systemic and enteric ill
effects of these toxins. This laboratory is currently exploring
various methods to more effectively present the SEBv, and
other SE vaccines, to the mucosal immune system.
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