
INFECTION AND IMMUNITY, May 2002, p. 2282–2287 Vol. 70, No. 5
0019-9567/02/$04.00�0 DOI: 10.1128/IAI.70.5.2282–2287.2002
Copyright © 2002, American Society for Microbiology. All Rights Reserved.

Mucosal Tolerance to a Bacterial Superantigen Indicates a Novel
Pathway To Prevent Toxic Shock

L. Vincent Collins,1* Kristina Eriksson,2 Robert G. Ulrich,3 and Andrej Tarkowski1

Departments of Rheumatology1 and Medical Microbiology and Immunology,2 University of Göteborg, Göteborg, Sweden, and
Laboratory of Molecular Immunology, Army Medical Research Institute of Infectious Diseases, Frederick, Maryland3

Received 15 October 2001/Returned for modification 27 December 2001/Accepted 29 January 2002

Enterotoxins with superantigenic properties secreted during systemic Staphylococcus aureus infection are
responsible for toxic shock. We show that intranasal administration of staphylococcal enterotoxin A (SEA), but
not a recombinant SEA lacking superantigenic activity, protected mice against lethal systemic SEA challenge.
Protection was superantigen specific since intranasal exposure to SEA would not protect against death caused
by subsequent toxic shock syndrome toxin 1 systemic challenge. Protection was neither due to selective
depletion of SEA-specific T-cell receptor V� families nor due to production of neutralizing anti-SEA antibod-
ies. Importantly, the production of interleukin 10 (IL-10) induced by “tolerization” (that is, by the induction
of immunological tolerance) contributed to the observed protection against lethal superantigen-triggered
disease. In support of this notion we found that (i) significantly increased levels of IL-10 in sera of “tolerized”
animals (that is, animals rendered tolerant) and (ii) IL-10�/� mice could not be tolerized by mucosal SEA
administration. Altogether, this is the first study to show that mucosal tolerance to a superantigen is readily
triggered by means of immunodeviation.

Infections with Staphylococcus aureus give rise to life-threat-
ening endocarditis, septic arthritis, and septicemia. Toxic
shock, due primarily to bacterial enterotoxins, involves multi-
ple organ dysfunction and has a high mortality rate. Superan-
tigens produced by S. aureus (e.g., staphylococcal enterotoxins
A [SEA] to E and toxic shock syndrome toxin 1 [TSST-1])
trigger an excessive immune response by binding directly to
major histocompatibility complex class II molecules and hy-
perstimulating T cells expressing certain V� domains in the
T-cell receptor (TCR) (15). The resultant massive production
of cytokines (such as interleukin 2 [IL-2], gamma interferon,
and tumor necrosis factor alpha [TNF-�]) from activated Th1
cells and monocytes/macrophages results in toxicity and even-
tually in death.

Systemic T-cell and B-cell hyporesponsiveness to a protein
antigen can be induced when the protein is encountered at a
mucosal surface. Such mucosal tolerance has proven to be an
efficient means to prevent autoimmune (30), allergic (27), and
infection-induced (24) inflammatory conditions. The develop-
ment of mucosal tolerance is mediated through (i) deletion (9),
(ii) anergy (28) of specific T-cell subsets, or (iii) the develop-
ment of regulatory T cells secreting anti-inflammatory cyto-
kines (10, 12).

Various attempts have been made to prevent superantigen-
mediated shock, including inhibition of proinflammatory cyto-
kine production using extrinsically administered IL-10 (16) and
blockage of the costimulatory receptor CD28 (22). Tolerance
was achieved by either intravenous injection of SEA (4) or oral
feeding of SEB (20), via a mechanism involving anergy and
depletion of specific T-cell subsets.

We have taken a new approach towards preventing entero-
toxin-mediated shock. By administering SEA intranasally (i.n.)
we sought to protect mice against a lethal systemic challenge.
We analyzed the resultant immune responses in terms of sur-
vival, specific antibody production, TCR V� T-cell subset pop-
ulations, T-cell anergy, and cytokine production. Our results
indicate that this approach eliminated superantigen-triggered
death, despite a clear-cut increase in enterotoxin-responding
TCR V� subsets. This SEA-specific protection was not depen-
dent on neutralizing antibodies but was mediated by IL-10.

MATERIALS AND METHODS

Animals. Female C57BL/6 and BALB/c mice were purchased from B&K
Universal AB, Stockholm, Sweden. C57BL/6 mice with defined gene-targeted
deficiencies in B cells (�mT) (14) and BALB/c mice lacking the gene for IL-10
(kind gift of D. Rennick, DNAX Research Institute, Palo Alto, Calif. [5]) were
bred under specific-pathogen-free conditions at the animal facilities at the De-
partment of Rheumatology, University of Göteborg. Animals were used at 6 to
8 weeks of age. All animal experiments were approved by the animal ethics
committee of the University of Göteborg.

i.n. “tolerization” and toxic challenge. For i.n. “tolerization” (that is, induction
of tolerance), mice were given three 1-�g doses of ovalbumin (OVA; Sigma, St.
Louis, Mo.), highly purified SEA (Toxin Technology Inc., Sarasota, Fla.), or
recombinant SEA (rSEA), a recombinant, nonsuperantigenic SEA derivative
(2), i.n. at 1-week intervals. One week following the final i.n. dose mice were
challenged with an intraperitoneal (i.p.) injection of 10 �g of SEA or TSST-1
followed 4 h later with a further i.p. injection of Escherichia coli O55:B5 lipo-
polysaccharide (LPS) (170 �g for C57BL/6 and C57BL/6 �mT mice and 80 �g
for BALB/c IL-10�/� and BALB/c IL-10�/� mice; Sigma), and the number of
deaths was recorded at frequent intervals. The procedures regarding the induc-
tion of enterotoxin-triggered death, including doses of SEA, TSST-1, and LPS,
were adopted from previous studies (23). Neither SEA nor LPS given alone was
sufficient for lethal toxicity at these doses.

Proliferation assay. Single-spleen-cell suspensions obtained 7 days following
the last tolerization dose were incubated at 105 cells/well in Iscove’s medium
supplemented with L-glutamine, 50 �M 2-mercaptoethanol, gentamicin, and
10% fetal calf serum and incubated at 37°C for 3 days in the presence of SEA (10
�g/ml). Cells were pulsed with 1 �Ci of [3H]thymidine (Amersham Pharmacia
Biotech, Uppsala, Sweden) for the last 6 h of culture, the cellular DNA was
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harvested on a glass fiber filter, and the incorporated radioactivity was deter-
mined. Data are expressed as the mean counts per minute � 1 standard deviation
(SD) for groups of at least four mice.

Fluorescence-activated cell sorter analysis of splenocytes. Spleen cell suspen-
sions obtained 7 days after the third tolerization dose were analyzed for V� TCR
phenotypes using the following antibodies from Pharmingen: phycoerythrin
(PE)-labeled anti-mouse CD4; Cy-Chrome-labeled anti-mouse CD4; PE-labeled
anti-mouse V�3 TCR; fluorescein isothiocyanate (FITC)-labeled anti-mouse
V�6 TCR; FITC-labeled anti-mouse V�8.1, 8.2 TCR; FITC-labeled anti-mouse
V�11 TCR; and isotype-matched control antibodies. Spleen cells cultured for
24 h with SEA (10 �g/ml) were analyzed for apoptotic cell death using an in situ
cell detection kit (Boehringer, Mannheim, Germany) with FITC-labeled dUTP
labeling of DNA strand breaks by terminal transferase according to the manu-
facturer’s instructions. Data are expressed as the mean percentage � the SD of
the CD4� T-cell population expressing a specific V� subset or undergoing
apoptosis.

Cytokine assays. An anti-human transforming growth factor beta (TGF-�)
enzyme-linked immunosorbent assay (ELISA), cross-reactive with mouse
TGF-�, was used. Briefly, 96-well plates (Nunc) were coated with chicken anti-
human TGF-� (5 �g/ml; R&D Systems, Abingdon, United Kingdom) overnight
and then blocked with 0.5% bovine serum albumin for 30 min. Plasma was
obtained 4 h after SEA-LPS challenge, acidified for 10 min with 0.17 M HCl, and
then neutralized by 0.2 M NaOH containing 0.07 M HEPES. Plasma samples and
recombinant human TGF-� (R&D Systems) were incubated overnight at 4°C.
Mouse anti-human TGF-� was added (1 �g/ml; Genzyme) for 2 h, followed by
biotin goat anti-mouse immunoglobulin G1 (1 �g/ml; Sigma) and then anti-
biotin-horseradish peroxidase (Vector) diluted to 1/400. Subsequently, 100 �l of
peroxidase substrate containing 3,3�,5,5�-tetramethylbenzidine (0.1 mg/ml,
Sigma) and 0.06% H2O2 in 0.05 M phosphate-citrate buffer at pH 5.0 were
added. The reaction was stopped by 25 �l of 1 M H2SO4, and the absorbance was
read at 450 nm. IL-10 and TNF-� cytokine levels were measured using ELISA
kits (R&D Systems). Data are expressed as the mean values (in picograms per
milliliter for IL-10 and nanograms per milliliter for TGF-� and TNF-�) for
animals that were OVA “tolerized” (that is, rendered OVA tolerant) and SEA
tolerized.

Statistical analyses. Statistical analyses were done by the two-tailed Student’s
t test, Fisher’s exact test, and the Kaplan-Meier log rank test.

RESULTS

SEA-tolerized mice survive superantigenic challenge. Sys-
temic SEA challenge as described in Materials and Methods
resulted in superantigen-induced death that occurred within 2

to 3 days (Fig. 1). Both C57BL/6 and BALB/c mice were
protected from a lethal enterotoxin challenge by prophylactic
i.n. administration of SEA (Fig. 1). Thus, whereas all OVA-
tolerized C57BL/6 animals died within 20 to 30 h post-SEA
challenge, more than 80% of SEA-tolerized mice were still
alive at 60 h (P � 0.01 [Fig. 1a]) and subsequently recovered
completely. The protection was even more striking in BALB/c
mice, in which SEA tolerization completely prevented super-
antigen-induced lethality (P � 0.01 [Fig. 1b]). Interestingly,
rSEA rendered nonsuperantigenic by site-directed mutagene-
sis (2, 26) was ineffective at providing protection; SEA-treated
mice were significantly better protected (P � 0.05) than rSEA-
treated mice at 22 to 57 h postchallenge (Fig. 1a). Further-
more, SEA tolerization did not protect against challenge with
another staphylococcal superantigen, TSST-1 (Fig. 1).

SEA tolerization is not antibody mediated. The levels in
serum of antibodies against SEA measured by ELISA were
equally low in both the OVA-tolerized and SEA-tolerized mice
(data not shown). Furthermore, C57BL/6 �mT mice that com-
pletely lack serum antibody production were protected from
death as efficiently as wild-type C57BL/6 mice by i.n. toleriza-
tion with SEA (Fig. 2). For example, at 30 h postchallenge
there were significant differences in survival between the SEA-
and OVA-administered mice in both the wild-type (100 and
0%, respectively [Fig. 1a]) and the �mT (100 and 20%, respec-
tively [Fig. 2]) groups. At 45 h postchallenge all of the OVA-
administered �mT mice were dead, whereas 70% of the SEA-
tolerized �mT mice were still alive (Fig. 2). Statistical analysis
using the Kaplan-Meier log rank test also revealed that the
difference in survival between OVA-tolerized and SEA-toler-
ized mice was statistically significant (P 	 0.0015). In summary,
neutralizing anti-SEA antibodies are not responsible for the
observed protection against toxic challenge.

Systemic T-cell responses to i.n.-administered SEA. In mice
the T cells expressing the V�1, V�3, V�10, V�11, V�12, V�17
and V�20 segments of the TCR interact with SEA (7, 18, 25).

FIG. 1. Mucosal SEA administration protects against SEA-induced death. Mice were given SEA, rSEA, or OVA i.n. three times 1 week apart
and challenged i.p. with SEA-LPS 1 week later. Data are expressed as survival of OVA-tolerized (■ ), rSEA-tolerized (‚), and SEA-tolerized (�)
C57BL/6 (a) and BALB/c (b) mice during the first 70 h post-SEA challenge. Mice that had been tolerized i.n. with SEA were not protected from
a lethal i.p. challenge with TSST-1–LPS (E). All experiments were performed twice with groups of 10 mice. Statistical significance for comparison
to OVA-tolerized animals: ��, P � 0.01; ���, P � 0.001.
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Fluorescence-activated cell sorter analysis of splenocytes ob-
tained from tolerized C57BL/6 mice showed that both the V�3
and V�11 populations were significantly increased in SEA-
tolerized animals compared to those in OVA-tolerized ani-
mals, indicating that SEA tolerization was not, as might have
been expected, associated with clonal deletion of SEA-specific
V� populations (Fig. 3a). In addition, in vitro restimulation of
splenocytes from either OVA- or SEA-tolerized mice with
SEA gave equal levels of proliferative responses (Fig. 3b). We
also confirmed that there were no significant differences in
either experimental group in the percentages of apoptotic
CD4� (Fig. 3c)- or V�3-expressing splenic T cells, following in
vitro SEA stimulation. Taken together these results demon-

strate that protection via i.n. SEA administration against SEA
lethal challenge is not due to depletion, anergy, or apoptosis of
SEA-specific T cells.

IL-10 plays a crucial role in tolerization. Serum TNF-�
levels (i.n. SEA group: 1.9 � 0.5 ng/ml; i.n. OVA group: 2.0 �
0.7 ng/ml; n 	 5 mice per group) were similar in both groups
of mice at 4 h postchallenge with SEA, indicating that protec-
tion from lethal challenge is not the result of defective synthe-
sis or secretion of this proinflammatory cytokine. Levels of the
anti-inflammatory cytokines IL-10 and TGF-� in serum were
assessed by ELISA in both the OVA- and SEA-tolerized
groups. Prior to systemic SEA challenge the IL-10 levels were
overall low. However, 4 h after SEA challenge the levels of
IL-10 were significantly higher (P � 0.05) in SEA-tolerized
animals than in the OVA-tolerized controls (Fig. 4a). In con-
trast, neither SEA nor OVA tolerization affected circulating
TGF-� levels (Fig. 4b). This suggested that IL-10 has a pro-
tective role in diminishing the effects of deleterious cytokines
(e.g., TNF) in the SEA-tolerized mice. To further investigate
this we i.n. administered OVA or SEA to IL-10�/� mice and
found that protection against systemic SEA challenge was not
any more inducible (Fig. 5). It is clear, therefore, that IL-10 is
a major protective component against superantigen-triggered
toxicity and is triggered by i.n. exposure to SEA.

DISCUSSION

i.n. administration with SEA (but neither with OVA nor
with an rSEA lacking superantigenic properties) protected
mice against a lethal challenge with the toxin. The tolerization
was superantigen specific as revealed by the failure to provide
protection against septic death in animals tolerized with SEA
but exposed systemically to an unrelated staphylococcal super-
antigen, TSST-1. This is the first report showing that mucosal

FIG. 2. Mucosal SEA tolerance is not antibody mediated. C57BL/6
�mT mice (n 	 10) were given SEA or OVA i.n. three times 1 week
apart and challenged with SEA-LPS 1 week later. Data are expressed
as survival of OVA-tolerized (■ ) and SEA-tolerized (�) �mT mice
during the first 70 h post-SEA challenge. ��, P � 0.01 for comparison
to OVA-tolerized animals.

FIG. 3. Mucosal SEA tolerance is not associated with T-cell deletion, anergy, or apoptosis. Spleen cell suspensions from i.n. OVA-treated (n 	
3) and i.n. SEA-treated (n 	 3) C57BL/6 mice were analyzed for frequencies of T cells expressing specific T-cell receptor V� subsets (a) as well
as SEA-induced in vitro proliferation (b) and apoptotic death (c). Data are expressed as the mean � SD (error bars) of the frequency of CD4�

T cells expressing the V�3 (striped bars), V�6 (white bars), V�8.1–8.2 (hatched bars), and V�11 (black bars) TCR (a), the in vitro proliferative
responses to SEA (b), and the frequency of apoptotic CD4� T cells following in vitro SEA activation (c). Results shown are representative of two
experiments giving similar outcomes. Statistical significance for comparison to OVA-tolerized animals: ��, P � 0.01; ���, P � 0.001; N.S., not
significant.
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tolerization can be achieved with substances other than con-
ventional protein antigens. The protection afforded by toler-
ization with SEA was not due to anti-SEA antibody produc-
tion, since mice lacking B cells were also efficiently protected.
Furthermore, protection was not mediated by desensitization
to the LPS used to potentiate the SEA challenge, since SEA-
tolerized mice challenged with TSST-1 and LPS died at the
same rate as OVA-tolerized mice. Instead, protection was me-
diated by the up-regulation of IL-10 production. Thus, we have
succeeded in tolerizing mice with SEA via a mechanism re-
markably different from the tolerance induced previously by
intravenous injection of SEA. In the latter case, depletion of
the reactive V� T-cell subsets and T-cell anergy was observed
(4), whereas our results with i.n. SEA tolerization indicate
expansion rather than depletion of superantigen-specific V�
T-cell subsets and intact T-cell responses to in vitro restimu-
lation with SEA.

A major question to be posed relates to the protective mech-
anism operating during superantigen-specific nasal toleriza-
tion. Two lines of evidence support the notion that significantly
increased release of IL-10 is the major protective mechanism
preventing septic death. First, within 2 to 4 h after systemic
SEA challenge, levels of IL-10 in serum were significantly
elevated in mice that had been exposed to i.n. SEA compared
to those in the control, OVA-exposed animals. This increase
coincided with a significantly increased survival rate. Secondly,
attempts to i.n. tolerize IL-10�/� mice (but not their conge-
neric controls) with SEA were unsuccessful. Thus, endogenous
inability to produce IL-10 will eliminate the protective effects
of i.n. SEA tolerization. In this respect, previous studies have
shown that exogenously provided IL-10 protects mice against
SEB-induced lethal shock (3).

How would IL-10 support tolerance against SEA? It is es-
tablished that IL-10 (along with TGF-� and IL-4) is a cytokine
that displays strong anti-inflammatory properties in vivo and in
vitro (11). Indeed, the sera of SEB-exposed IL-10�/� mice
contained higher levels of proinflammatory mediators and

were more susceptible to SEB-induced lethal shock than wild-
type controls (13). It has been previously suggested that TNF-�
is a critical determinant of lethal shock triggered by staphylo-
coccal superantigens (19). This conclusion is valid in cases
when mice are pretreated with D-galactosamine. In contrast, it
is clear that in the absence of D-galactosamine pretreatment, as
in the case of the present study, the levels of TNF-� are not
related to mortality (1). Indeed, we found that, despite similar
levels of circulating TNF-� in mice irrespective of their toler-
ization status, the mortality rates between the experimental
groups showed very obvious differences. It should be noted
that TNF-� is able to potently upregulate IL-10 synthesis (29)
and thereby to provide negative feedback to its own produc-
tion. In this aspect, priming and expansion of CD4� T cells as
a result of i.n. SEA administration might potentiate IL-10

FIG. 5. Induction of mucosal tolerance to SEA requires production
of IL-10. IL-10�/� mice (n 	 10) were given OVA or SEA three times
i.n. and challenged with SEA-LPS. Data are expressed as the percent-
age of OVA-administered (■ ) (n 	 6) and SEA-tolerized (�) (n 	 6)
IL-10�/� mice that survived the first 20 h post-SEA challenge. This
experiment was repeated one more time with similar results.

FIG. 4. Mucosal SEA tolerance is associated with increased levels of IL-10. The levels of IL-10 and TGF-� were analyzed in plasma samples
obtained 4 h post-SEA-LPS challenge of i.n. OVA (n 	 5)- and SEA (n 	 5)-treated animals. Data are expressed as the mean � standard error
(error bars) of the values for TGF-� (a) and IL-10 (b) in i.n. OVA-treated and i.n. SEA-treated mice. Statistical significance for comparison to
OVA-tolerized animals: �, P � 0.05; N.S., not significant.
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production upon subsequent systemic SEA challenge, resulting
in significantly improved survival. We cannot rule out the pos-
sibility that IL-10 might also reduce toxic shock, independent
of its effect on TNF-� production, by down-regulating other
inflammatory mediators, such as prostaglandins (8), or via an-
tipyretic mechanisms (17). Staining for intracellular IL-10 in
spleen cells of SEA-tolerized animals obtained 2 h post-ente-
rotoxin challenge showed that the number of IL-10-producing
lymphocytes was increased two- to threefold compared to that
in tolerized but unchallenged controls and that 50 to 75% of
the IL-10-producing cells expressed V�3 (data not shown).

Typically, mucosal tolerization is obtained by i.n. or gastric
exposure of protein antigens to mucosal tissues. Since entero-
toxins are protein molecules it should be critically discussed if
the tolerization achieved is antigen specific or superantigen
specific. Several lines of evidence suggest that the outcome
observed by us is indeed superantigen-targeted tolerance.
Firstly, T cells from tolerized animals display intact reactivity
to SEA (Fig. 3B), in contrast to what would be expected in the
case of protein antigen tolerization. More importantly, i.n.
administration of rSEA devoid of its superantigenic properties,
but intact with respect to its antigenic properties (2, 26), does
not lead to development of protection against superantigen-
mediated lethal shock. The question then is this: why did rSEA
administration not protect against SEA-induced death? One
possibility is that rSEA induces tolerance against rSEA but not
against wild-type SEA as a result of altered antigen specificity
caused by the amino acid substitutions. Another possibility is
that rSEA-specific “tolerogenic” (that is, tolerance-mediating)
T cells do respond favorably to SEA, but not at the appropriate
time point (i.e., too slowly). A third possibility, which we favor,
is that wild-type SEA but not rSEA expands the appropriate
tolerogenic T cells expressing SEA-specific V� subsets and
that substantial numbers of these cells fulfill the requirement
for adequate levels of anti-inflammatory IL-10 to be secreted
in response to the SEA challenge.

Given that tolerization is achievable by deposition of super-
antigen on the nasal mucosa, it is worth considering whether
humans, who are frequently colonized with S. aureus in the
anterior nares, are tolerized to the effects of staphylococcal
enterotoxins. Toxin production by S. aureus is environmentally
regulated, and the nasopharyngeal mucosal temperature is
usually lower (21) than the optimal required for in situ biosyn-
thesis and secretion of superantigenic toxins (6). Therefore, it
seems unlikely that humans, under normal conditions, would
be tolerized to superantigens produced by staphylococci colo-
nizing the nasal passages.

In summary, our results suggest that i.n. exposure to SEA
triggers superantigen-specific tolerance that is mediated by
endogenous production of IL-10. Since i.n. exposure to entero-
toxins does not give rise to any side effects, this approach
should also be considered for use in humans.
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