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Staphylococcal enterotoxins (SE) are exoproteins produced by Staphylococcus aureus that act as superanti-
gens and have been implicated as a leading cause of food-borne disease and toxic shock. Little is known about
how these molecules penetrate the gut lining and gain access to both local and systemic immune tissues. To
model movement in vitro of staphylococcal enterotoxins, we have employed a monolayer system composed of
crypt-like human colonic T-84 cells. SEB and SEA showed comparable dose-dependent transcytosis in vitro,
while toxic shock syndrome toxin (TSST-1) exhibited increased movement at lower doses. Synthetic peptides
corresponding to specific regions of the SEB molecule were tested in vitro to identify the domain of the protein
involved in the transcytosis of SE. A toxin peptide of particular interest contains the amino acid sequence
KKKVTAQELD, which is highly conserved across all SE. At a toxin-to-peptide ratio of 1:10, movement of SEB
across the monolayers was reduced by 85%. Antisera made against the SEB peptide recognized native SEB and
also inhibited SEB transcytosis. Finally, the conserved 10-amino-acid peptide inhibited transcytosis of multiple
staphylococcal enterotoxins, SEA, SEE, and TSST-1. These data demonstrate that this region of the staphy-
lococcal enterotoxins plays a distinct role in toxin movement across epithelial cells. It has implications for the
prevention of staphylococcal enterotoxin-mediated disease by design of a peptide vaccine that could reduce
systemic exposure to oral or inhaled superantigens. Since the sequence identified is highly conserved, it allows
for a single epitope blocking the transcytosis of multiple SE.

The organism Staphylococcus aureus is a gram-positive bac-
terium that is known for its production of potent toxins. Once
introduced into a host’s system, these toxins can act to pro-
foundly stimulate the immune system. The proteins are known
to act on host systems in three distinct ways: as enterotoxins,
they induce emesis and diarrhea in humans and nonhuman
primates (16); as exotoxins, they have been implicated in in-
duction of toxic shock (22); and as superantigens, they induce
extensive V�-specific T-cell stimulation (12) followed by an-
ergy and apoptosis, which results in immunosuppression (27).

S. aureus is carried by close to 30% of the world’s population
(28). This high carrier rate may be a factor in the prevalence of
S. aureus contamination of food. Poor hygiene and improper
holding temperatures of meats and creamy dishes, such as
salad dressings, have been implicated as the primary etiologies
of food-borne disease caused by S. aureus (3). At temperatures
below 60°C, most strains of the bacteria produce enterotoxins.
Once these enterotoxins enter the intestines of a host, they
have the ability to transcytose the intestinal wall and gain
access to the immune system (10, 23). Within 4 h of ingestion,
these toxins can be responsible for an array of symptoms, such
as diarrhea, nausea, vomiting, and abdominal pain. The host
should become symptom-free about 24 h after the ingestion
time. However, anorexia has been shown to persist for approx-
imately 5 days in monkeys challenged with an incapacitating
dose of staphylococcal enterotoxin B (SEB) (M. Sipos and M.
Jett [WRAIR], personal communication). The mechanism re-
sponsible for the emetic response to staphylococcal enterotox-

ins (SE) could be immune mediated, in that stimulation of
T-cell proliferation is associated with massive cytokine produc-
tion (6). In fact, the symptoms of food poisoning can be mim-
icked by administration of exogenous interleukin 2 (IL-2) (18).
However, studies of SEA mutated at histidine 61 have shown
that superantigenic and emetic activity can be separated (13).
Thus, additional mechanisms may be involved in elicitation of
emesis. Further, drugs that block receptors for serotonin com-
pletely ablated the vomiting, diarrhea, and prostration induced
by SEA or SEB in piglets (Mani et al., submitted for publica-
tion).

Superantigens are able to stimulate unusually large numbers
of T cells (up to 20% of the entire T-cell complement of the
host), and SE are prototypical bacterial superantigens. In con-
trast to conventional antigens, superantigens are not internal-
ized by antigen-presenting cells, do not undergo processing,
and are not presented within the antigen binding groove. In-
stead, the intact superantigens bind to both major histocom-
patibility complex class II (MHC-II) molecules and T cells at
sites distinct from the conventional antigen-binding sites (14).
Indeed, it has been shown that interaction with superantigens
primarily involves the variable region of the T-cell receptor
(TCR) � chain (V�) (18). Subsequent to proliferation, most T
cells whose cognate antigen is not present in the host will
undergo clonal deletion, resulting in immunosuppression. By
contrast, in susceptible individuals activated T cells may con-
tinue to be stimulated and precipitate autoimmune disease (8,
18).

S. aureus produces multiple serotypes of toxin: SEA, SEB,
SEC1, SEC2, SEC3, SED, SEE through SEJ, and toxic shock
syndrome toxin one (TSST-1) (15). SEB and SEA are the most
clinically important and best-characterized bacterial superan-
tigenic toxins. SEB is a single polypeptide chain with a molec-
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ular mass of approximately 28.5 kDa. The protein structure
consists of 5 �-helices and 12 �-sheets organized into two
domains (33). Subsequent to resolution of the SEB crystal
structure, attempts have been made to identify the regions of
the toxins important for their immunomodulatory effects. SE
have been cocrystallized with either MHC-II or the TCR re-
gion to which they bind (14, 21). The important regions deter-
mined by the resolution of these crystal structures largely con-
firm the data obtained functionally from peptides and mutant
toxins. The MHC-binding region of SEB consists of residues in
helix 5 and �-sheet 2, while the TCR-binding regions include
four discrete sequences at the top of the molecule, helix 2, the
�-sheet 2-3 loop, the end of �-sheet 4, and the �10 to helix 5
loop. Thus, the sites of interaction of SE with immune cells
have been well documented. In contrast, studies to determine
the region of the SE involved in their entry into the body
through gastrointestinal or pulmonary surfaces in order to gain
access to local and systemic immune systems have been much
more limited. The present work identifies a region of SEB
distinct from MHC or TCR binding sites that is involved in
transcytosis across epithelial cell monolayers. Further, a pep-
tide corresponding to this region, SEB 152-161, could signifi-
cantly inhibit movement of not just SEB but transcytosis of
multiple other SE was inhibited as well.

MATERIALS AND METHODS

Toxins, antitoxins, and toxin peptides. Toxins, antitoxins, and antitoxin con-
jugates were purchased from Toxin Technology, Inc. (Sarasota, Fla.). SEA, SEB,
SEE, and TSST-1 were guaranteed 95% pure based on gel electrophoresis and
subsequent Coomassie blue or silver staining.

Based on the published sequence of SEB (19), four 30-amino-acid-long syn-
thetic peptides representing all but the amino and carboxy termini of the mol-
ecule were prepared by Peninsula Laboratories (Belmont, Calif.). SEB 152-161,
SEB 130-160, and the two control peptides (SEB 225-234 and SEB 191-220) from
regions of the molecule not implicated in SEB function were synthesized with an
ABI 431A peptide synthesizer using N�-fluoroenylmethyloxycarbonyl chemistry.
Peptides were cleaved from the resins using trifluoroacetic acid/ethanedithiol/
thioanisole/anisole at a ratio of 90:3:5:2, extracted in ether and ethyl acetate and
subsequently dissolved in water and lyophilized. Reversed-phase high-perfor-
mance liquid chromatography analysis of crude peptides indicated one major
peak in each profile, and amino acid analysis indicated that actual composition
corresponded closely to theoretical.

Anti-peptide antisera generation. A portion of each of the synthesized pep-
tides was conjugated to keyhole limpet hemocyanin (KLH). Then, 13 mg of
peptide was conjugated to 9 mg of KLH using 200 mM glutaraldehyde, and the
glutaraldehyde was removed by dialysis. After dialysis, the peptide-carrier solu-
tions were diluted to a concentration of 5 mg/ml, sterile filtered, and stored at
�80°C. Ten-week-old C57BL/6 mice were purchased from NCI Charles River
Laboratory (Frederick, Md.) and injected intraperitoneally with 250 �l of a 1:1
mixture of antigen (200 �g/ml) and Freund’s complete adjuvant. On days 14 and
28, the mice received a boost of 250 �l of a 1:1 mixture of antigen (200 �g/ml)
and Freund’s incomplete adjuvant. Mice were euthanatized on day 38, and blood
was collected. Serum was removed and samples were assayed for immunoglob-
ulin G (IgG) responses to SEB and other SE by enzyme-linked immunosorbent
assay (ELISA) using toxin-coated plates. Titers were determined as the inverse
of the dilution of serum that yielded a half-maximal response. Control sera made
against KLH alone did not react with toxins.

Cells. The human crypt-like colonic epithelial cell line T-84, a model Cl�

secretory epithelium, and the human adenocarcinoma cell line Caco-2 were
chosen as model epithelia. T-84 cells especially are used commonly in drug
absorption modeling, and monolayers can achieve a predictable, high electrical
resistance in culture. The stock cultures were obtained from the American Type
Culture Collection (Manassas, Va.). T-84 cells were maintained in equal parts
Dulbecco minimal essential medium and Ham’s F-12 media supplemented with
10% fetal bovine serum (FBS) and 1.5% HEPES and used between passages 9
and 12. Cell suspensions (500 �l) at 5 � 105 cells/ml were added to the chambers
of 12-mm-pore-size nitrocellulose filters (Millicell-HA; Millipore Corp., Bed-

ford, Mass.) and placed into 24-well tissue culture plates containing 500 �l of
culture medium. Medium was replaced every other day until confluent mono-
layers with tight junctions developed as assessed by a hydrostatic pressure test
and transepithelial electrical resistance (TEER) of monolayers. The hydrostatic
pressure test was performed on filters 24 h before an experiment. Each mono-
layer was filled with medium to the top and incubated overnight at 37°C. Any
filter that showed gross examinable leakage was excluded from the trial. TEER
across other membranes that passed the hydrostatic pressure test was measured
with a Millicell-ERS instrument (Millipore Corp.). Only monolayers with TEER
of �150 � cm2 after correction for intrinsic value of empty filter were used. At
this point the medium in both the filter inserts (apical medium) and culture wells
(basal medium) were replaced, and the cultures were used in the transcytosis
modeling protocol.

Caco-2 cells were maintained in Earle’s minimal essential medium (with L-
glutamine) which was supplemented with 20% FBS, 1 mM sodium pyruvate, and
0.1 mM nonessential amino acids. Caco-2 cell monolayers were prepared using
the Biocoat HTS Caco-2 Assay System (Becton Dickinson, Franklin Lakes, N.J.).
Each system contains a fibrillar collagen-coated 24-well plate. Cells were seeded
at 4 � 105 and supplemented with basal seeding medium. After 24 h, media were
replaced with “MITO� Serum Extender.” On day 3, the monolayers were tested
for confluence (as described above). The HTS system was employed because of
its 3-day turnaround time.

Toxin transcytosis assay. The ability of T-84 or Caco-2 cells to transcytose SE
and TSST-1 was tested using confluent monolayers grown on filter inserts as
described above. Media was removed from the selected filter area (apical or
basal), and 500 �l of fresh culture medium (without FBS) containing various
concentrations of toxin was then added. Another 500 �l of culture medium
(without FBS) was added to the other filter area. After incubation at 37°C for the
indicated period of time, apical or basal media were collected depending on
where the toxins were added. Inhibition assays were conducted similarly, and
potential inhibitors (peptides or anti-peptide antisera) were added to the wells
that contained toxins at appropriate concentrations.

ELISAs. Nunc-Immuno MaxiSorp plates were coated with 100 �l of a 0.01 mM
carbonate buffer solution containing 10 �g of anti-toxin IgG/ml. Coated plates
were placed in a humid chamber over night on a plate rocker at 37°C. After
incubation, plates were washed three times with phosphate-buffered saline con-
taining 2.5% Tween and then refilled a fourth time with phosphate-buffered
saline/Tween and allowed to incubate for 15 min, as recommended by Toxin
Technologies for detection of low toxin concentrations. Samples (50 �l) were
then added to the wells of the plate in triplicate. A standard curve was created
using known concentrations of the toxin. Plates were incubated in humidified
chamber for 2 h at 37°C and subsequently washed three times. Then, 100 �l of
horseradish peroxidase-conjugated antitoxin was then added to all wells and
incubated as described above for 1 h. Plates were washed five times followed by
addition of o-phenylenediamine dihydrochloride substrate. After color develop-
ment, the reaction was stopped with 2 M sulfuric acid. Plates were then read on
a microplate reader at a wavelength of 490 nm. Titers of antitoxin antisera were
determined using standard ELISA procedure and anti-immunoglobulin antibod-
ies (Sigma).

RESULTS

Toxin transcytosis across epithelial monolayers. The move-
ment of SEB across monolayers of T-84 and Caco-2 cells was
determined over a 24-h period (Fig. 1). In both cell lines, SEB
transcytosis increased with both increasing dose and time, but
a higher percentage of administered toxin was transcytosed at
lower concentrations. SEB transcytosis has been previously
suggested to be a receptor-facilitated process (10), and in T-84
but not Caco-2 cells, saturation was observed at the 100-�g/ml
toxin dose. In T-84 cells, transcytosis was biased in the apical to
basal direction, which is anticipated in a polarized cell line like
T-84 with unequal receptor distribution. Although there was
little polarization observed in Caco-2 monolayers, this is con-
sistent with previous observations and the demonstration of
bidirectional receptors in this cell line (9, 10). Given the po-
larization of the T-84 monolayers, receptor saturation, and the
consistent production of monolayers with high electrical resis-
tance, T-84 cells were used for further experiments.
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Movement of SEB was contrasted with that of SEA and
TSST-1 (Fig. 2). SEA apical to basal transcytosis across T-84
monolayers was roughly parallel to the movement of SEB. It
was only significantly higher at the 300-�g/ml concentration.
Transcytosis of TSST-1 was slightly greater than that of SEB at
all doses examined.

Conserved SEB peptide blocks SEB transcytosis. Synthetic
peptides corresponding to various regions of SEB were used to
attempt to block SEB transcytosis (Fig. 3). The peptides em-
ployed encompassed all but the amino- and carboxy-terminal
regions. Only one peptide of the four examined, SEB 151-180,
inhibited SEB movement across T-84 monolayers in a dose-

FIG. 1. SEB movement across epithelial cell monolayers. SEB (10, 50, 100, or 300 �g/ml) was added to the apical or basal side of confluent
T-84 or Caco-2 cell monolayers. The opposing chamber was sampled over a 24-h period, and the amount of toxin present was determined by
sandwich ELISA. Apical to basal movement is depicted as a solid line, and basal to apical movement is depicted as a dashed line. Each point
represents the mean of three replicate experiments � standard error.
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dependent manner. Sequence analysis of the region corre-
sponding to this peptide indicated that a 10-amino-acid se-
quence from residue 152 to 161 of SEB was highly conserved
among other SE, and some conservation was even seen with
TSST-1 (Fig. 4). Further, structural similarity of this 10-amino-
acid region was observed among SE. In SEB, this region in-
cludes the end of the twisted beta sheet 7, beta sheet 8 (also
twisted), and the beginning of helix 4 (33), and this conforma-
tion is retained in other SE and TSST-1. Therefore, we syn-
thesized the conserved 10-amino-acid peptide, SEB 152-161. A
longer peptide, SEB 130-160, with an extension into beta sheet
6, was also produced in an attempt to maintain the protruding

position of valine 155, since longer peptides have been shown
to better retain native structures. In addition, D161 was omit-
ted to increase the overall charge of the peptide to �2, over-
coming solubility problems. SEB 152-161 and SEB 130-160
along with control peptides of similar sizes from regions of
SEB not previously identified as functionally significant were
used to inhibit SEB transcytosis (Fig. 5). Both peptides con-
taining the conserved sequence exhibited dose-dependent in-
hibition of SEB movement across T-84 cell monolayers. The
control peptides were without effect. Unexpectedly, the con-
served 10-mer was a more potent competitor than the longer
peptide since even at a 1:1 ratio with toxin, significant inhibi-
tion of transcytosis was observed. Thus, the conserved se-
quence consisting of residues 152-161 of SEB appears to rep-
resent a region of the molecule involved in transcytosis of toxin
across epithelial cell monolayers.

SEB 152-161 inhibits transcytosis of multiple SE. SEB 152-
161 was examined for its ability to affect transcytosis of SEA,
SEE, and TSST-1 (Table 1). Consistent with the peptide inhi-
bition of SEB transcytosis, SEB 152-161 inhibited movement
across epithelial cell monolayers of all three other SE exam-
ined in a dose-dependent manner. Transcytosis of the more
highly homologous SEA and SEE was reduced 73 and 68%,
respectively. TSST-1 was also sensitive to inhibition with the
SEB peptide, since at a toxin-to-peptide ratio of 1:100 its
transcytosis was reduced by 59%.

Antisera against conserved peptide inhibits transcytosis of
SEB. To confirm the region of the molecule encompassing
SEB 152-161 as important for SEB transcytosis, antipeptide
antisera were generated in mice and used to inhibit SEB move-
ment. Antisera to the 10-mer peptide displayed greater reac-
tivity with the parent toxin, SEB, than did antisera to the larger
SEB 130-160 (Fig. 6). Cross-reactivity of the antipeptide anti-

FIG. 2. Toxins (10 to 300 �g/ml) were added to the apical chamber
of confluent T-84 monolayer inserts and incubated for 24 h. The
amount of toxin transcytosed to the basal chamber was determined by
ELISA using only horseradish peroxidase-conjugated antitoxin anti-
sera (Toxin Technologies), and results are expressed as the mean of
two replicate experiments � standard error. Significant differences
between toxins were assessed by analysis of variance followed by Scheffe’s
F test (P 	 0.05) and are indicated (�).

FIG. 3. Peptide inhibition of SEB transcytosis. Peptides were incubated with 1 �g of SEB/ml at the indicated ratios for 24 h, and toxin
transcytosis across T-84 cell monolayers was assessed by ELISA. Results from three replicates are presented as the mean concentration of SEB
transcytosed � standard deviation. As indicated on the axis, in the absence of peptide, 46.1 � 13.4 ng of SEB/ml was transcytosed. SEB 61-92 at
1:10 (toxin to peptide) and SEB 151-180 at 1:10 and 1:100 were significantly different from toxin alone, as determined by analysis of variance
followed by Scheffe’s F test (P 	 0.05).
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sera with other SE was also observed, especially with SEA,
which could be anticipated based on the extent of homology. In
contrast, little cross-reactivity to SEE was seen, which could be
a function of the change in charge from a K in SEB to an E in

SEE. Anti-SEB 152-161 was used in the SEB transcytosis assay
because of its greater reactivity with SEB. Anti-SEB 152-161
significantly reduced transcytosis of not only SEB but also
SEA, SEE, and TSST-1 while control antisera were without

FIG. 4. Molecular models of SEB, SEA, SEE, and TSST-1. The amino acids highlighted in green signify the conserved sequence
(KKKVTAQELD in SEB). The yellow amino acids on SEB identify the areas implicated in MHC-II binding, and the red amino acids correspond
to the binding site of the TCR. All structures were obtained from the Protein Data Bank of the Research Collaboratory for Structural
Bioinformatics. Downloaded files were subsequently manipulated using the RasMol program. The coordinates are based upon original publications
about SEB (25), SEA (29), SEE (34), and TSST-1 (26).

2182 SHUPP ET AL. INFECT. IMMUN.



effect (Fig. 7). Therefore, the toxin peptide was antigenic and
the antipeptide antisera inhibited movement of all SE exam-
ined.

DISCUSSION

The biological significance of superantigenic SE as causative
agents of food poisoning and toxic shock contribute to the
importance of this research (16, 22). Toxic shock caused by SE
can follow wound infections and staphylococcal coinfections
with influenza and could result from toxins used as agents of
biological warfare. In contrast to their superantigenic effects,
remarkably little is known about the fate of SE in the gut and
at other mucosal surfaces and their reactions with local im-
mune tissues. The hazards resulting from these interactions
include not just toxic shock but sequelae, such as precipitation
and exacerbation of autoimmune disease, in susceptible mem-
bers of the population (8, 18). The paradoxical immune sup-
pression, which normally follows T-cell stimulation, may be
particularly devastating for individuals with impaired immune

function, such as AIDS patients. Increased risk for both of
these sequelae may occur at exposure levels below those re-
quired for emetic and toxic shock responses.

We have demonstrated a dose/response relationship be-
tween the SE and transcytosis through the gut epithelial mono-
layers. When the SEB concentration increased, the transcy-
tosed concentration showed remarkable increases. However, at
lower doses, a higher proportion of all the toxins examined was
transcytosed. This has implications for the relationship be-
tween oral exposure levels to SEB in food and the risk of
developing food poisoning. A dose of 100 �g of SEB is readily
emetic in a monkey challenge assay, and in our study, when
that dose was reduced 10-fold, the amount of toxin trancytosed
showed only a 3-fold reduction. The SE have been found to
retain immunologic activity after transcytosis across Caco-2
cell monolayers (10). Therefore, the limiting factor in systemic
T-cell activation following mucosal exposure is the extent of
toxin transcytosis.

FIG. 5. Inhibition of SEB transcytosis by SEB 152-161 and SEB 130-160. Peptides were incubated with 1 �g of SEB/ml at the indicated ratios
for 24 h, and toxin transcytosis was assessed. Results are presented as the mean � standard error of SEB that was able to cross a monolayer of
T-84 cells in the presence of the synthetic SEB peptides. In the absence of peptide, 46.1 ng of SEB/ml was transcytosed with a standard error of
9.6 ng/ml. Data were normalized based on transcytosis of toxin alone from three replicate experiments. SEB 130-160 at 1:10 and 1:100
toxin-to-peptide ratios and SEB 152-161 at all ratios were significantly different from toxin alone, as determined by analysis of variance followed
by Scheffe’s F-test (P 	 0.05).

FIG. 6. Cross-reactivity of anti-SEB peptide antisera with other SE.
The reactivity of anti-SEB 152-161 and anti-SEB 130-160 antibodies to
SEE, SEB, SEA, and TSST-1 was assessed by ELISA. Data are rep-
resented as means of four replicate determinations � standard devi-
ation.

TABLE 1. SEB peptide inhibition of transcytosis of other SEa

Toxin-peptide
ratio

Level of transcytosis (mean � SD) of:

SEA SEE TSST-1

Toxin Alone 60 � 4.0 43 � 12 31
1:1 46.9 � 2.2 44.7 � 0.5 35.2 � 3.7
1:10 20.5 � 0.9* 19.1 � 0.5* 18.5 � 1.8*
1:100 15.9 � 0.8* 13.7 � 2.3* 12.7 � 4.1*

a Peptides were incubated with 1 �g of SE/ml at the indicated ratios for 24 h,
and toxin transcytosis was assessed by ELISA. Results are expressed as the mean
of three replicate determinations � standard deviation except for TSST-1. Sig-
nificant differences from toxin controls were assessed by ANOVA followed by
Scheffe’s F test (P 	 0.05) and are indicated (�).
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Differences among the SE in movement across epithelial
barriers have been noted both in vitro and in vivo. Facilitated
transcytosis of SEB and TSST-1 across Caco-2 monolayers was
observed previously and found to be dose dependent, but SEA
moved across the monolayers at a much lower rate (10). We
demonstrate that the Caco-2 and T-84 systems are not equiv-
alent in that the T-84 monolayers develop a higher electrical
resistance and do not display bidirectionality of movement. In
the T-84 model, SEA and SEB transcytosis were roughly equiv-
alent, while somewhat more TSST moved through the epithe-
lial cell barrier. Oral delivery of 10 and 100 �g of TSST-1 to
rabbits has been shown to induce lethality, while comparable
doses of SEC1 and streptococcal pyrogenic exotoxin A (SPEA)
did not (30). Thus, the rate of toxin transcytosis can determine
the threshold dose for elicitation of biological activity and
systemic effects.

Low doses (50 �g) of oral SEB have been shown to produce
rapid expansion and activation of V�8� cells in the mesenteric
lymph nodes and Peyer’s patches, but not systemically (31).
This mucosal T-cell activation was associated with induction of
IL-2 and gamma interferon mRNA, which may result in an
acute enterotoxic poisoning in the absence of uptake of toxin
into the blood. At low concentrations, only the local immune
system is affected by toxin. In contrast, at high concentrations
(high transcytosis levels), the superantigen can gain access to
the systemic immune system, causing more serious effects.

The mechanism responsible for SE crossing epithelial bar-
riers is unknown. Toxin-induced gross alterations in jejunal
histopathology have been observed in vivo. Intraperitoneal ad-

ministration of as little as 5 �g of SEB to BALB/c mice has
been shown to cause vacuolation in the epithelial cells, reduce
villus height, and increase crypt depth by 4 h after toxin expo-
sure (4). Altered jejunal morphology persisted for 48 h with a
100-�g dose of toxin. These changes in the normal intestinal
structure may contribute to increased systemic toxin access. In
fact, toxin-induced increases in epithelial cell permeability
have been demonstrated in vitro using T-84 cell monolayers
(23). The SEB-induced increase in monolayer permeability
was mediated by both gamma interferon and tumor necrosis
factor alpha. CD4� T cells have been demonstrated to be
required for the elicitation of SEB effects on jejunal ion trans-
port (24). In addition, SEB has been found to be directly
cytotoxic to endothelial cells in the absence of effector cells or
their mediators and altered their barrier function via a mech-
anism that was dependent on protein tyrosine kinases (5).

Alternatively, specific receptors may be involved in move-
ment of SE across the gut epithelium. Since MHC-II is known
to present SE to T cells, in vivo SEB may enter Peyer’s patches
via MHC-expressing M cells (1). On class II-negative Caco-2
cells, a low-affinity receptor that could bind SEB and TSST-1,
not SEA, and orient the toxin appropriately for presentation to
the TCR was postulated (10). On human kidney proximal
tubular cells, SEB has been shown to bind to neutral glyco-
sphingolipid (7). It has also been proposed that a non-MHC
receptor for the SE may bind to large hydrophobic patches or
a recognizable surface shape (30). The area of the toxins we
have identified with our peptide inhibitor as involved in trans-
cytosis is remarkably structurally conserved within the SE and
may present the appropriate surface conformation to the trans-
cytosis receptor.

The structural interactions of SE with both MHC and TCR
have been well defined (14, 21). Mutations at SEB residue N23
that interacts with the TCR and F44 that binds MHC-II have
been associated with reduced toxin transcytosis by Caco-2 cells
(10). However, the ability of SE to stimulate T cells via MHC-
TCR interaction cannot be directly correlated with their
emetic activity (11), suggesting that alternative regions of the
molecule may be involved in toxin activity in the gut. The
sequence KKKVTAQEL in SEB has been recognized previ-
ously as being highly conserved among the SE, and it has been
suggested that antisera directed against this region may neu-
tralize toxin activity (17). Further, the longer SEB 130-160
peptide conjugated to KLH decreased SEB binding to lympho-
cytes (17). Recently, a variant of an SEB peptide representing
amino acids 150 to 161, with the alanine and valine inverted
and tyrosine replacing threonine 150, was found to protect
mice against intraperitoneally SEB-induced lethal shock (2).
The protective effect was observed when the peptide was in-
jected intravenously 30 min before toxin or even 3 h after toxin
administration. This time frame of activity is consistent with
our observation that SEB 152-161 inhibits transcytosis, and the
transcytosis time course experiments showed no significant
toxin movement till well beyond the 3-h point. A/J and BALB/c
mice were both protected by the peptide (2). This suggests that
the transcytosis receptor is distinct from MHC-II molecules.
Finally, they observed cross-protection by the peptide against
shock induced by multiple SE, which is consistent with our
demonstration of SEB peptide inhibition of transcytosis of
SEA, SEE, and TSST-1. Thus, this newly identified functional

FIG. 7. Anti-peptide antisera inhibition of multiple-toxin transcy-
tosis. Antisera from mice immunized with SEB 152-161or SEB 225-234
conjugated to KLH were incubated at a 1:100 dilution with 1 �g of SE
or TSST-1/ml, and toxin transcytosis was assessed. Results are pre-
sented as the mean of two replicate experiments � standard error of
SE or TSST-1 that was able to cross a monolayer of T-84 cells in the
presence of anti-peptide antisera. The anti-SEB 152-161 antibody sig-
nificantly inhibited transcytosis of all four toxins, as determined by
analysis of variance followed by Scheffe’s F test (P 	 0.05).
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domain encompassed by SEB 152-161 may be exerting its an-
tagonistic effect on lethal shock and T-cell activation by inhi-
bition of toxin transcytosis.

Because of the role of the SE in toxic shock, food poisoning,
and immune system perturbations and its potential use in bi-
ological warfare, vaccine strategies have been developed based
on information about functionally relevant toxin structural re-
gions. SEB N23K and F44S mutants have been examined in a
mouse SEB lethality model where the toxin was given intra-
peritoneally (38). Immunization with both mutant toxins pro-
tected more than 80% of challenged animals, but the mutants
retained some level of emetic activity in monkeys. Use of a
toxin synthetic peptide as a vaccine, however, may eliminate
the emetic response. An SEB toxoid has been produced by
formaldehyde treatment, incorporated into microspheres (35)
or proteosomes (20), and used to elicit a protective antibody
response against aerosolized SEB in monkeys. SEB neutraliza-
tion was not a function of deletion of toxin-reactive T cells
(35). Since mucosal immunization maximized protection, it
may be that antibodies to the toxoid reacted with the transcy-
tosis epitope currently identified.

A vaccine approach that would come into play if the toxin
gained access to the systemic immune system has been to
create recombinant SEB with triple mutations that interfere
with binding to particular HLA molecules (36). Antibodies
produced against these binding surfaces have been shown to
cross-react with other related toxins (36) and are protective in
a murine aerosol challenge model (32). It may be useful to
incorporate this approach with the development of antibodies
to the transcytosis epitope to reduce or eliminate contact of the
toxin with systemic immune cells. Ongoing studies are directed
toward in vivo transcytosis inhibition. It has been shown that
systemic antibodies, which would be produced by immuniza-
tion with SEB 152-161, do gain access to Peyer’s patches and
other mucosa-associated lymphoid tissues and inhibit superan-
tigen-induced T-cell activation (37). Thus, a SEB 152-161 vac-
cine is being tested for its ability to generate antibodies that
block transport-active regions of the SEB toxin in vivo, thereby
preventing systemic immune cell activation.
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