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Natural killer T cells are required for the development of a
superantigen-driven T helper type 2 immune response in mice
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Introduction

Summary

We show, here, that one single injection or weekly injections of staphylo-
coccal enterotoxin B (SEB), starting in 1-day-old newborn mice, induced
a powerful immune response with a T helper type 2 (Th2) pattern, as
judged by the isotype and cytokine profile, with the production of large
amounts of SEB-specific immunoglobulin G1 (IgGl), detectable levels of
SEB-specific IgE and increased production of interleukin-4 by spleen cells.
These protocols also induced an increase in the levels of total IgE in the
serum. Memory of SEB was transferred to secondary recipients by using
total spleen cells from primed animals. The secondary humoral response
in transferred mice was diminished if spleen cells from SEB-treated mice
were previously depleted of CD3* or VB8™ T cells or NK1.17 cells. In vivo
depletion of NKI1.1" cells in adult mice resulted in a marked reduction in
the SEB-specific antibody response in both the primary and secondary
immune responses. Additionally, purified NK1.1" T cells were able to per-
form SEB-specific helper B-cell actions in vitro and in vivo. These results
suggest that NK1.1* T cells are required for the full development of
humoral immunological memory, whilst making neonatal tolerance to
SEB unachievable.

Keywords: immunoglobulin G; natural killer T cells; staphylococcal entero-
toxin B; superantigens; tolerance

restimulation in vitro.* These latter findings have led to the
suggestion that superantigens could induce a profound

Superantigens, such as endogenous Mls antigens and the
exogenous enterotoxins produced by Staphylococcus aureus,
bind to major histocompatibility complex (MHC) class II
molecules and stimulate T cells expressing specific T-cell
receptor (TCR) VB genes'. The Vp-specific stimulation of
high-frequency T-cell precursors and the availability of
monoclonal antibodies (mAbs) to identify superantigen-
responsive T cells in vivo have made these antigens useful
to study in vivo T cell-mediated immune responses. For
instance, it has been reported that the treatment of IE*
mouse strains with staphylococcal enterotoxin B (SEB)
induces a marked deletion of peripheral SEB-specific
responder T cells.” Moreover, the superantigen-responder
T cells are anergic to further in vitro challenges.” Anergy in
these situations consists in the absence of both prolifer-
ation and production of cytokines, such as interleukin-2
(IL-2) and interferon-y (IFN-y), upon superantigen

state of tolerance.” This notion was extended to neonatal
tolerance because, in neonatal mice, superantigens such as
SEB, staphylococcal enterotoxin A (SEA) or Mls caused
massive intrathymic and peripheral clonal deletion.*”
Although the in vitro absence of T-cell proliferation and
interleukin production upon superantigen restimulation is
an unequivocal finding, the in vivo unresponsiveness is less
evident.® In fact, it has been shown that CD4" VB6™ T
cells from BALB/c mice rendered anergic by the injection
of Mls-disparate DBA/2 mouse B cells are effective helper
T cells for B-cell polyclonal immunoglobulin production
in vivo and in vitro, yet fail to proliferate in vitro.” Further-
more, CD4" VB8" T cells from mice primed with SEB are
able to produce IL-2 in vivo, yet fail to proliferate upon
superantigen challenge in vitro.'” Even more striking was
the demonstration that at the same time that it induced
in vitro unresponsiveness, SEB primed SEB-specific T helper

Abbreviations: CEA, carcinoembryonic antigen; ICOS, inducible co-stimulator.
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cells to provide help for B cells in a typical secondary
immune response.'’ The secondary SEB immune response
was characterized by high levels of anti-SEB specific
immunoglobulin G1 (IgG1) and low amounts of IgG2a."!
This isotype pattern is associated with a preferential acti-
vation of T helper type 2 (Th2) cells. The Th2 type of
response is thought to be driven by IL-4.'% It has been
reported that natural killer (NK) T cells can be, in some
experimental models, the primary source of IL-4.">'* Most
NK T cells express the VB8 chain associated with an
invariant Vol4-Jo281 chain,'>® a large proportion of
these cells being of thymic origin.'”

Here we investigate the induction of neonatal tolerance
to SEB. Our results indicate that NK T cells may inhibit
the induction of tolerance in this model, and are of
fundamental importance in maintaining the production
of high levels of SEB-specific antibodies during a secon-
dary immune response.

Materials and methods

Animals

F, (BALB/c x C57BL/6) mice were bred and maintained
under standard conditions in the Department of Immu-
nology, Institute of Biomedical Sciences, Sao Paulo. The
protocols used in this study were approved by the Ethics
Commission in Experimental Animal Models (Institute of
Biomedical Sciences, University of Sao Paulo).

Antigens and immunization

We administered 50 pig SEB (Toxin Technology, Sarasota,
FL) in 50 pl of 0-15 M phosphate-buffered saline (PBS),
pH 7-2, or in PBS alone, by intraperitoneal (i.p.) injection
within 24 hr of birth and once a week thereafter. Mice
received a total of four injections of SEB (4x SEB-treated).
Alternatively, the mice received one injection of SEB
(50 pg) within 24 hr of birth and a second injection
(50 pg) 4 weeks later (2x SEB-treated). Adult mice (4-6
weeks old) were immunized i.p. with 50 pg of SEB or PBS.
Secondary immunization in adult mice, with 50 pg of SEB,
was given 1 month after primary immunization. In some
experiments, adult mice were immunized with ovalbumin
(OVA; Sigma-Aldrich, St. Louis, MO) in Alum (1 mg/
animal; Sigma-Aldrich) and secondary immunization was
performed with 100 pg of OVA i.p. diluted in PBS.

Enzyme-linked immunosorbent assay (ELISA) for
OVA- or SEB-specific antibodies

Sera were obtained by bleeding mice from the tail vein at
various time points after OVA, SEB, or PBS injections.
ELISA for total anti-SEB immunoglobulins were performed
as previously described.'® For measurements of immuno-
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globulin isotypes, the following antibodies were used: bio-
tinylated rat mAb anti-mouse IgM, 1gGl, 1gG2a, 1gG2b,
IgG3, IgA and IgE (BD Biosciences-Pharmingen, San Jose,
CA). These mAbs were added at an appropriate dilution
and the assay was revealed as previously described."" Opti-
cal densities were measured at 492 nm in an ELISA plate
reader (Titertek Multiscan MCC/340-MKII, Labsystems,
Finland). For total IgE measurements, two different rat
monoclonal anti-mouse IgE (Pharmingen) were used and
the assay was performed according to the manufacturer’s
instructions. The concentration of anti-OVA antibodies in
each serum sample was estimated from a standard curve
generated with known amounts of OVA-specific, affinity-
purified antibodies from OVA-hyperimmunized mice.

Monoclonal antibodies and other reagents for
FACS analysis

H-129 (anti-CD4), H-35 (anti-CD8), F23.1 (anti-Vf8.1,
VB8.2, VP8.3), H-57-597 (anti-pan p-chain), PK-136
(anti-NK1.1), DX-5 (anti-NK), 2CI11 (anti-CD3), PV-1
(anti-CD28), F4/80 (anti-macrophage), MR1 [anti-CD40
ligand (CD40L)], 7E.17G19 (anti-inducible co-stimulator
(ICOS)) and R6-60.2 (anti-mouse IgM) mAbs, used in
this study, were labelled with phycoerythrin (PE), fluo-
rescein isothiocyanate (FITC), or biotin. For biotin-
labelled mAbs, streptavidin-PE, Cychrome (Cy) or FITC
were used as a second-step reagent, as indicated. All these
reagents were purchased either from Pharmingen, South-
ern Biotechnology (Birmingham, AL) or Caltag Laborat-
ories (Burlingame, CA).

In vivo treatment with mAbs

The treatment was performed as previously described.'®"’

In brief, each mouse received 1 mg monoclonal anti-
NK1.1" cells (PK-136) by an ip. route, three times a
week, starting 1 week before any other manipulation. The
treatment was maintained during the experiments. The
efficacy of the mAb in depleting the animals of NK1.1*
or NK T cells was ascertained by flow cytometric analysis,
using a different anti-NK mAb (DX-5). The reduction
was invariably greater than 90% after 1 week of treat-
ment. As a control for the PK-136 mAb treatment, puri-
fied mouse IgG2a anti-human carcinoembryonic antigen
(CEA) mAbs (clone 5D11) were given at the same dose,
by the same route and for the same period.

In vitro cell depletion or enrichment

Spleen cells were incubated with the following biotin-
labelled mAbs: anti-NK1.1 (PK-136), anti-V[8 (F23.1),
anti-CD3 (2C11) or anti-IgM (R6-60.2). The incubation
was carried out at 4° for 20 min in balanced salt solution
supplemented with 10% fetal calf serum. Spleen cells were
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washed a further four times. For the depletion of NK1.1%,
VPB8*, CD3" cells or B cells, a second incubation with
streptavidin-coated magnetic Dynabeads (Dynal Biotech,
Brown Deer, WI) was carried out, according to the manu-
facturer’s instructions. After two rounds of magnetic
exclusion, the remaining spleen cells were used for in vivo
transfers. The degree of depletion was monitored by flow
cytometric analysis and was found to be above 98%. For
NK T-cell purification, a FITC-multisort kit from Miltenyi
Biotec GmbH (Bergisch Gladbach, Germany) was used,
according to the manufacturer’s instructions. First, splenic
FITC-af" cells were positively sorted. Purified af” cells
were stained with anti-NK1.1 biotin and positively sorted
using streptavidin-coated microbeads from Miltenyi. The
purity of NK1.1" VB8" cells was usually around 80% on
flow cytometric analysis. Purified splenic CD4" T cells
were obtained by using affinity columns from R & D
Systems (Minneapolis, MN). Purified CD4" T cells were
further stained with biotin-labelled anti-NK1.1 (PK-136)
and subjected to magnetic depletion after incubation with
streptavidin-coated Dynabeads (Dynal). CD4" T cells puri-
fied in this way contained no detectable NK1.1* cells and
their purity was above 90% in flow cytometry analysis.

In vitro cell culture

Proliferation assays. Serial dilutions of splenocytes or
B-cell-depleted spleen cells (for IL-4 measurements) were
cultured in triplicate in 96-microwell plates (Nalge Nunc,
Rochester, NY) in RPMI-1640 (Gibco, Grand Island, NY)
supplemented with 10% fetal calf serum (Hyclone, South
Logan, UT), 50 mm 2-mercaptoethanol and 1 mm HEPES.
Cells were cultured at 37° alone or in the presence of
10 pg/ml SEB (Toxin Technology, Sarasota, FL). After
72 hr, cultures were pulsed for 16 hr with [*H]thymidine
(1 pCi/well; Amersham Biosciences, Chalfont St. Giles,
UK), the cells were harvested and the radioactivity was
measured in a liquid scintillation beta-counter.

Interleukin measurements. Total spleen cells or B-cell-
depleted spleen cells from different experimental groups
were cultured at a density of 107 cells/well in 24-well
plates (Nunc), stimulated or not with 10 pg/ml SEB, for
24 or 48 hr. Alternatively, purified T-cell populations were
cultured in anti-CD3 mAb (2C11) precoated (10 pg/well)
flat-bottomed 96-microwell plates (3 x 10° cells/well) for
24 or 48 hr, in the presence of 2 pg/well anti-CD28
(PV-1). Supernatants were collected and frozen at —70°.

B-cell helper assay

In short, titrated numbers of purified CD4" or NK1.1" aff*
T cells were cultured with 4 x 10° B-cell-enriched spleen
cells from the indicated groups/well. The B-cell-enriched
population consisted of splenic cells that were depleted of
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T cells and macrophages by streptavidin-coated magnetic
beads, using a mixture of biotin-labelled anti-CD3 and
anti-F4/80 mAbs, as described above. Cultures were per-
formed in triplicate, in 96-well flat-bottomed plates
(Nunc), in the presence of 10 pg/ml of purified anti-CD3
mAb (2C11), in a total volume of 200 pl of complete
RPMI-1640. Supernatants were collected 7 days after for
detection of SEB-specific antibodies by ELISA.

Cytofluorometric studies

Staining was performed as previously described'® followed
by analysis in a FACScan analyser (Becton and Dickinson,
San José, CA). In all of the studies, two determinations
were performed for every sample: one for total cells, to
assess the absolute frequencies, and another by deliber-
ately gating positive events for further analysis. Between
10 000 and 50 000 events were recorded per sample.

Cell transfers

Spleen cells from normal or immunized mice, depleted or
not of the different T-cell subpopulations as described
above, were transferred (3 x 107 cells/mouse) by intraven-
ous injection into irradiated (750 rads), thymectomized
and bone marrow reconstituted F, (BALB/c x C57BL/6)
mice. These mice were injected i.p. with 20 pg of either
SEB or PBS, just after the transfers, and sera were collec-
ted 7 days later. For transfers of purified CD4" or
NKI1.17 af* T cells, each animal received 5 x 10> purified
T cells, injected intravenously together with 2 x 107 cells
of an SEB-primed B-cell-enriched population. Control
mice received no T cells.

Cytokine ELISA

The levels of IL-4 and IFN-y were quantified by two-site
sandwich ELISAs. Monoclonal and polyclonal antibodies
were obtained from R & D Systems. ELISAs were per-
formed according to the manufacturer’s instructions. The
lower limits of detection of IL-4 and IFN-y in the assays
were 0-01 ng/ml and 0-05 ng/ml, respectively.

Results

Multiple SEB injections induce splenomegaly as a
result of a large expansion of the splenic B-cell
population and cause deletion of conventional VB8™
T cells; yet, NK T-cell numbers are preserved

Neonatal mice were injected with 50 pig SEB within 24 hr
of birth and once a week thereafter, for a total period of
4 weeks. Alternatively, neonatal mice received one single
injection of 50 pg SEB in the first 24 hr after birth and a
second injection when they were 6 weeks old. The total
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number of spleen cells 10 days after the last SEB injection
was about three times higher in the 4x SEB-treated mice,
when compared to control mice that received injections
of PBS and about two-fold higher in 2x SEB-treated mice
(Fig. 1a). Cytometric analysis showed that the total num-
ber of aff” T cells and NK1.1" o cells did not vary sig-
nificantly between experimental and control groups
(Fig. 1b). However, the total number of splenic B cells
increased about 3-5- and 2-5-fold in the groups of mice
that received 4x or 2x SEB injections, respectively, when
compared to the control group (Fig. 1b). To follow SEB-
reactive T cells, 14 days after the last SEB injection, the
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Figure 1. Splenic B-cell and T-cell populations in mice treated
repeated times with SEB. Spleen cells from F; (BALB/c X C57BL/6)
mice, treated with multiple injections of PBS or SEB, were counted,
stained and evaluated by FACS as described in the Materials and
methods section. In (a), the columns represent the mean number of
mononuclear cells in the spleen of five mice treated with PBS or
multiple injections of SEB (2x or 4X). The first injection of PBS or
SEB was given within the first 24 hr after birth. In (b) the mean
number of splenic cells, bearing different phenotypes (NK1.1" a8,
ap* and IgM"), in four groups of five mice are represented by col-
umns. Columns in (c) represent the mean numbers of splenic cells,
bearing different phenotypes (CD4" VB8*, CD8" VB8" and
NKI1.1" af* T cells). Mice were analysed individually. Vertical bars
represent the standard error of the mean. The experiment was repea-
ted twice with equivalent results. Student’s t-test was used to com-
pare experimental and control groups. A P-value <0-05 was
considered to be significant. *P < 0-05, **P < 0-01.

mice were killed and their spleens were analysed for the
frequency of CD4" VB8", CD8" VB8" and NK T cells.
Figure 1(c) shows that the total numbers of splenic
CD4" VB8" and CD8" VB8" T cells in SEB-treated mice
decreased considerably in relation to control PBS-injected
mice. However, NK T-cell numbers were slightly
increased (2x SEB) or preserved (4x SEB).

SEB-treated mice are not tolerant to SEB at the level
of specific in vivo antibody response

Mice treated with four repeated injections of SEB from
birth produced very high levels of total antibodies to the
related superantigen, whereas control sera were negative
for such reactivity (Fig. 2a). The same pattern could be
observed in the group of mice that received only two injec-
tions of SEB during the same period (Fig. 2a). The main iso-
type produced was IgG1 (Fig. 2b) with low levels of 1gG2a
(Fig. 2¢). Yet, IgG2a was produced by SEB-immunized
mice, indicating that part of the Thl immune response was
preserved. Sera from 4Xx SEB-treated mice had detectable
levels of SEB-specific IgE, whereas control sera were essen-
tially negative (Fig. 2d). The levels of polyclonal IgE in the
sera of 4x SEB-treated mice were much higher than the
IgE serum levels from PBS-treated control mice (Fig. 2e).

Spleen cells from SEB-treated mice underwent
proliferative anergy to in vitro SEB re-stimulation

Spleen cells from 4x or 2x SEB-treated mice could not
proliferate in the presence of SEB in vitro (Fig. 3a). In
addition, total spleen cells from SEB-treated mice pro-
duced much lower levels of IFN-y and higher amounts of
IL-4 when compared to PBS-treated control mice upon
48 hr of in wvitro re-stimulation with SEB (Fig. 3b,c).
Moreover, spleen cells derived from SEB-primed mice
produced higher levels of IL-4 in non-stimulated culture
conditions when compared to spleen cells derived from

© 2005 Blackwell Publishing Ltd, Immunology, 116, 233-244
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Figure 2. SEB-treated mice are not tolerant to SEB at the level of specific antibody response. F; (BALB/c x C57BL/6) mice, repeatedly injected
with PBS or SEB (2X or 4x), were bled 14 days after the last injection. Sera were evaluated for the levels of anti-SEB-specific antibodies and total
levels of non-specific IgE by ELISA, as described in the Materials and methods section. Results are shown as the mean OD (492 nm) obtained
for each serum dilution from three to five mice. The vertical bars represent the standard errors of the mean. The levels of total immunoglobulin
(IgG + IgM), IgGl, 1gG2a and IgE anti-SEB are shown in (a), (b), and (c,d), respectively. The levels of non-specific IgE are shown in (e). Note
the differences in y-axis between (a), (b), (c,d) and (e). Titration curves were compared by two-way analysis of variance test. P-values < 0-05 were

considered to be significant.

PBS-treated mice. These results are consistent with the
above findings where 4x or 2x SEB-treated mice showed
high production of SEB-specific IgG1 and low levels of
SEB-specific IgG2a. The production of IL-4 was also
investigated in purified af* NKI1.1" T cells from naive
versus 4X SEB-treated animals. The purified NK T cells
from 4x SEB-treated animals produced higher levels of
this cytokine than did control naive cells, upon stimula-
tion in vitro (Fig. 3d).

The transfer of an SEB-specific secondary humoral
immune response to mice was affected by removal
of NK1.1*, CD3" or VB8* cells

Thirty million spleen cells from mice injected 4X or 2x
with SEB were transferred to thymectomized and irradi-
ated syngeneic mice. Total spleen cells, or spleen cells
depleted ex vivo by magnetic negative selection of
NK1.1%, CD3" or V8" cells, were given intravenously to
different groups of recipient mice, as described in the
Materials and methods section. Figure 4 shows the levels
of anti-SEB IgG antibodies 7 days after the transfers.
Total spleen cells from SEB-primed mice could transfer a
typical secondary response to recipient mice, whereas the

© 2005 Blackwell Publishing Ltd, /mmunology, 116, 233-244

production of anti-SEB antibodies was impaired in the
groups that received SEB-primed spleen cells previously
depleted of CD3" cells. A similar effect was observed
when the SEB-primed spleen cells were depleted of
NK1.1" or VB8* cells.

In vivo depletion of NK1.1" cells led to a reduced
humoral immune response to SEB

To evaluate the role of NKI.1" T cells in the humoral
immune response to SEB, we used the PK-136 mono-
clonal antibody to deplete NK1.1" cells. This depletion of
NK1.1" cells decreased anti-SEB antibody production
during the primary and secondary immune response in
SEB-immunized adult mice (Fig. 5a). The primary or sec-
ondary humoral immune response to OVA in adult mice
was not modified by the in vivo depletion (Fig. 5b).

aB* NKI1.1* T cells from SEB-primed mice are able to
deliver SEB-specific B-cell helper activity in vitro and
in vivo

Purified of* NKI.1" or CD4" NKI.I™ T cells were
obtained from SEB-primed mice and were added at
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Figure 3. Spleen cells from SEB-treated mice underwent proliferative
anergy to in vitro restimulation. Spleen cells from mice, repeatedly
treated with PBS or SEB (2Xx or 4x) were cultured in vitro in the
presence of medium alone or in the presence of 10 pug/ml of SEB.
Three to four spleens from each group of mice were pooled and
used to prepare the cell suspensions. Proliferation assays were per-
formed as described in the Materials and methods section. (a) Shows
the results of thymidine incorporation obtained in one representative
experiment out of three. The data are shown as counts per min
(c.p.m.; mean of triplicate cultures + standard deviation of the
mean). The background c.p.m. (non-stimulated cultures) was always
less than 2000 c.p.m. (b,c) Show the levels of IFN-y or IL-4 produc-
tion by spleen cells from the different experimental groups after 24
or 48 hr of culture. Spleen cells were cultured with medium alone or
10 pug/ml of SEB. IFN-y and IL-4 were measured by ELISA, as des-
cribed in the Materials and methods section. Columns represent the
mean of the amount of IFN-y (ng/ml) or IL-4 (pg/ml), and the ver-
tical bars show the standard deviation of the mean of triplicate cul-
tures. The data are from one of two similar experiments. (d) Shows
the production of IL-4 by af* NKI.1" T cells from naive or from
previously SEB-stimulated animals. The animals were injected four
times with SEB, starting within 24 hr after birth, as described in the
Materials and methods section. Cells from the spleens of 10 mice
were pooled purified, cultured and stimulated as described in the
Materials and methods section. Columns represent the mean of the
amount of IL-4 (pg/ml), and the vertical bars represent the standard
deviation of the means of triplicate cultures. The data are from one
of two similar experiments. Wilcoxon matched pairs and Kruskal-
Wallis tests were used. A P-value <0-05 was considered significant.
*P < 0-05, **P < 0-01.

different ratios in relation to the naive or SEB-primed
B-cell-enriched population. An anti-CD3 mAb was used
to bridge both T and B cells. Primed NK1.1" T cells were
more effective in providing SEB-specific B-cell helper
activity than SEB-primed CD4" NK1.1™ T cells as they
induced higher levels of SEB-specific antibodies in vitro
(Fig. 6a). To test the functional activity in vivo, purified
SEB-primed CD4" NK1.1” or af” NK1.1" T cells were
transferred, together with SEB-primed B-cell-enriched
population, to thymectomized, irradiated and bone mar-
row reconstituted adult mice. Figure 6(b) shows that
recipient animals made a typical secondary humoral
immune response. In addition, mice transferred with
of* NK1.1" T cells were able to maintain high levels of
SEB-reactive IgG for longer than mice transferred with
SEB-primed CD4" NK1.1™ T cells.

NK1.1* of*, NK1.17 VB8*, NK1.1* CD4" and
NK1 T cells are not deleted after SEB injection

Multiple injections (2x) of SEB in F; (BALB/c x C57BL/
6) adult mice led to the maintenance of the percentages
of splenic aff" T cells expressing NK1.1 marker 53
1-3% (mean = SD) when compared to control mice
receiving PBS 4-5 £ 2-2% 2 weeks after the last SEB or
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Figure 4. The transfer of an SEB-specific secondary humoral
immune response to mice was affected by removal of NK1.1%, CD3"
or VB8" T cells. The anti-SEB antibody production in thymectom-
ized and irradiated mice, 7 days after reconstitution with different
spleen cell populations and immunization with SEB is shown. Either
3 x 107 total spleen cells or the same number of spleen cells depleted
of distinct cell populations (CD3" T cells, NK1.1* cells, V8" T cells)
from mice repeatedly treated with PBS or SEB were transferred to
thymectomized and irradiated syngeneic mice, as described in the
Materials and methods section. The columns represent the mean of
the OD (492 nm) obtained from five mice, and the horizontal bars
correspond to standard errors of the mean of the anti-SEB antibody
levels. Sera were diluted 1/2000 in PBS and used in an ELISA. Krus-
kal-Wallis test was used and a P-value <0-05 was considered signifi-
cant. Groups of mice that received total spleen cells from 2x or 4x
SEB-treated mice versus the other respective groups were compared.
*P < 0-05, **P < 0-01.

PBS injection. The percentage of VB8" T cells expressing
NK1.1 in the spleens of SEB-treated mice was slightly
higher (7-1 + 0-8%) when compared with the PBS-injec-
ted control group (4:9 £ 0-5%). The percentage of spleen
CD4" T cells expressing NK1.1 was increased in the SEB-
treated experimental group (4-5 + 0-6%), compared with
controls (2-7 £ 0-4%). In addition, the percentage of
CD4" NK1.1" T cells expressing the VB8 chain increased
2 weeks after the last SEB injection (58 + 1-3% in SEB-
treated mice versus 50-9 £ 1-5% in the PBS-treated con-
trol group). Figure 7 shows representative plots of one
animal from each group. The same pattern could be
observed up to 4 weeks after the last injection (data not
shown).

Expression of CD40L and ICOS in splenic NK1.1*
T cells from naive or SEB-primed mice

Figure 8 shows that a considerable proportion of splenic
af" NK1.1" T cells express CD40L in naive mice
(282 + 4-8% of the total spleen af” NKI.1* T cells).
Surprisingly, there was a reduction in the percentage of
these cells expressing CD40L 14 days after SEB priming
(15 + 3-7% of the total af” NKI.1" cell population). A
similar pattern was observed for CD4" NKI1.1" T cells:
55-8 £ 12:1% of this subpopulation was positive for
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Figure 5. In vivo depletion of NK1.1" cells led to a reduced humoral
immune response to SEB in mice. (a) Shows the primary (30 days
after priming) and secondary (7 and 14 days after booster) immune
responses to staphylococcal enterotoxin B (SEB) in mice treated or
not with anti-NK1.1 mAb or control IgG2a mAb (see Materials and
methods section). Adult mice were immunized i.p. with 50 pug of
SEB diluted in PBS and boosted with an equal amount of antigen
i.p., 30 days after priming. Anti-SEB antibody levels are shown as
titres, in which the average of the optical densities obtained with sera
from control mice (non-immunized), diluted 1 : 100, was considered
the end-point. The optical densities for each dilution of experimental
sera were compared with control values. The titre for each sample
was expressed as the reciprocal of the highest dilution that presented
an absorbance value higher than the cut-off value. The columns rep-
resent the geometric means of serum titres (reciprocal of serum dilu-
tion) of six to eight mice for each experimental group, and the
vertical bars represent the standard errors of the means. (b) Shows
the primary (30 days after priming) and secondary (7 and 14 days
after booster) immune responses to ovalbumin (OVA) in mice trea-
ted or not with anti-NK1.1 mAb or control IgG2a mAb (see Materi-
als and methods section). The results (columns) represent the
amount of OVA-specific antibodies (mg/ml) (see Materials and
methods section) for each experimental group, and the vertical bars
represent standard deviation of the means. Groups were of six mice
each. Wilcoxon signed rank test was used (SEB). A P-value <0-05
was considered significant. Control and anti-NKI1.1-treated groups
were compared at each time-point. *P < 0-05, **P < 0-01.

CDA40L in the spleens of naive mice, whereas this percent-
age dropped (44-6 = 8-2%) in the spleen cells from SEB-
primed mice (data not shown). These results prompt us
to investigate the expression of another molecule involved
in T-cell helper function, namely ICOS. In contrast to the
decreased percentage of CD40L" NK T cells found after
SEB immunization, the percentage of off” NK1.1" T cells
expressing ICOS did not diminished upon SEB adminis-
tration (33-5 * 6-7%) of the total ap* NKI1.1* cell popu-
lation in PBS-treated mice versus 41-5% 10-1% in
SEB-treated mice.

Discussion

Neonatal tolerance is an established phenomenon that has
been recognized for years.*® Its establishment appears to
be confined to a special phase during fetal and early
development, when the immune system is prone to
tolerate antigens rather than making classical immune
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Figure 6. Purified of" NK1.1" T cells from SEB-primed mice are
able to deliver SEB-specific B-cell helper activity in vitro and in vivo.
(a) Shows the levels of SEB-specific antibodies in culture superna-
tants. Purified of* NK1.1* or CD4" NKI1.I" T cells from naive or
SEB-primed adult mice were titrated in cultures containing a SEB-
primed B-cell-enriched population, in the presence of soluble anti-
CD3, mAb as described in the Materials and methods section. After
7 days, supernatants were assayed for the presence of SEB-specific
antibodies by ELISA. Results express the mean = SD of ODs,
obtained from triplicate cultures. (b) Shows the levels of SEB-specific
antibodies in thymectomized, irradiated and bone marrow-reconsti-
tuted adult animals transferred with total spleen cells from SEB-
primed animals or different purified T-cell subsets from SEB-primed
animals together with SEB-primed B-cell-enriched populations, as
described in the Materials and methods section. Anti-SEB antibody
levels are shown as titres in which the average of the optical densities
obtained with sera from control mice (non-immunized), diluted
1 : 100, was considered the end-point. The optical densities for each
dilution of experimental sera were compared with control values.
The titre for each sample was expressed as the reciprocal of the high-
est dilution that presented an absorbance value higher than the
cut-off value. The columns represent the geometric means of serum
titres (reciprocal of serum dilution) of six to eight mice for each
experimental group, and the vertical bars represent the standard
errors of the means (n = 4 mice/group). Wilcoxon signed rank test
or Kruskal-Wallis test was used. A P-value <0-05 was considered
significant. *P < 0-05, **P < 0-01.

responses.”’ Many hypotheses have been raised to explain
it,2%21 including that neonatal tolerance results from a
T-cell inability to produce IL-2,°*** from the high num-

bers of non-functional immature T cells and low numbers
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of mature effector T cells,”® from lack of professional
antigen-presenting cells,>**> and from the high activity of
suppressor cells.”® More recently, it has been proposed
that T-cell migration patterns in a neonatal environment
might be of importance in establishing tissue-specific tol-
erance at birth.?” On the other hand, it has been shown
that neonatal tolerance in a viral infection model is not
always achieved.”® In addition, it was demonstrated that
the neonatal mouse immune system produces cytokines
related mainly to the Th2 pathway, thus providing the
conditions for inhibiting Th1 immune responses i.e. indu-
cing immune deviation.”*' Immune deviation by Th2
cells might be associated with the presence of ‘regulatory’
T cells that produce large amounts of transforming
growth factor-B (TGF-B), which can inhibit lymphocyte
activities.”® These studies suggest that neonatal mice are
able to mount a conventional Th2-type immune response
and in some cases partial tolerance may be achieved by
immune deviation.

In vivo administration of superantigens leads to marked
deletion and complete in vitro proliferative anergy of the
responder T-cell population.” Paradoxically, SEB admin-
istration in adult mice induces a vigorous humoral
immune response to this superantigen.'' It is demonstra-
ted herein that mice injected with 50 pg SEB within 24 hr
of birth, followed by weekly injections of the same
amount of SEB, developed a very pronounced splenomeg-
aly as the result of an increase in the total numbers of
B cells. On the other hand, the total numbers of splenic
af" T cells decreased only slightly and the numbers of
NK1.1" o~ cells remained constant. These findings sug-
gest that multiple injections of SEB cause polyclonal acti-
vation of B cells and a reduction in the numbers of single
positive splenic T cells as a result of the loss of VB8* con-
ventional T cells. However, the total numbers of splenic
af” T cells were not reduced to the same extent in this
model. The latter observation indicates that these mice do
show an increase in the number of splenic double-negat-
ive T cells. In fact, a small increase in the total numbers
of splenic NK1.1* " T cells was found in these mice
(Fig. 1c). These results suggest that NK1.1" T cells, in
contrast to conventional T cells, may be subjected to
expansion rather than deletion upon repeated SEB injec-
tions. Similar results were obtained in adult mice after
two injections of SEB, thus indicating that the neonatal
environment was not responsible for the lack of NK T-cell
deletion (Fig. 7). Comparable findings were described
recently for the glycolipid antigen a-galactosylceramide.’?
This observation was taken to be the result of the strong
up-regulation of anti-apoptotic genes in this particular
T-cell lineage.> However, other possibilities remain. For
example, SEB or SEB-derived peptides could be presented
in the context of CD1 instead of the conventional MHC
class II molecules, as suggested for other superantigens.*
In addition, one may not rule out that the expression of
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were analysed individually. Student ¢-test was used. A P-value <0-05
was considered to be significant.
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Figure 8. Expression of CD40L and ICOS in splenic NK1.1* T cells
from naive or SEB-primed mice. Splenic NK1.1" af* T cells from
adult F; (BALB/c x C57BL/6) mice that received one injection of
50 pg of SEB 14 days before were gated and the percentages of
CD40L" cells inside this population are shown in the upper dot plots
(one PBS-treated mouse and three SEB-treated mice are shown). An
internal control showing the percentage of CD40L" cells in gated
af* NKI1.1™ T cells from PBS-treated mice is also shown. Lower dot
plots represent gated aff” NK1.1" cells and the percentages of ICOS*
cells inside this population (one PBS-treated mouse and three SEB-
treated mice are shown). An internal control showing the percentage
of ICOS" cells in gated a* NK1.1™ T cells from PBS-treated mice is
also shown. Experiments were performed three times with similar
results. Student’s t-test was used. A P-value < 0-05 was considered to
be significant.

Val4-Jo281 by most of the NKI1.1" T cells diminishes the
overall affinity of the VP8 chain for the SEB-MHC class
II complex. Such experimental evidence has already been
provided in other models, indicating that the Vo chain
might also be of importance in such an interaction.”
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The data presented herein also showed a conspicuous
production of SEB-specific IgGl and IgE antibodies in
mice treated repeatedly with SEB. In addition, there was
an increase in the levels of total IgE in the sera of SEB-
treated mice. These observations indicate that SEB treat-
ment did not induce tolerance at the level of antibody
production, in spite of the fact that SEB was given in the
first 24 hr after birth and in vitro SEB restimulation led
to a clear-cut proliferative anergy with low production
of IFN-y and increased IL-4 production by splenic cells.
The production of large amounts of SEB-specific IgGl
and detectable amounts of SEB-specific IgE, as well as
increased levels of non-specific serum IgE, is indicative of
the production of IL-4 in vivo. We could show here that
NK T cells from SEB-primed mice produced IL-4 when
stimulated with anti-CD3 and anti-CD28 mAbs in vitro,
indicating that SEB-primed NK T cells were not function-
ally anergic. To evaluate the T-cell phenotype responsible
for the B-cell helper activity in vivo, transfers of total
spleen cells or spleen cells depleted of specific T-cell sub-
populations from SEB-primed mice to thymectomized,
lethally irradiated and SEB-challenged mice were per-
formed. The results of these experiments indicate that T
cells bearing NK1.1 molecules in addition to the VP8
TCR chain confer to irradiated and thymectomized recip-
ients the ability to mount a secondary type of humoral
immune response to SEB, i.e. they participate in the help
process.

It was previously suggested that NK T cells could func-
tion as helper cells.**™** This hypothesis was based on the
fact that NK T cells are positively selected by CD1-bearing
cells in the thymus,*' on their profile of cytokine pro-
duction,’** and on the ability of some NK T-cell
hybridomas to recognize dendritic cells or activated B
lymphocytes in vitro.*>** The data shown here clearly
suggest that NK T cells are required for B-cell helper
activity upon SEB immunization, because depletion of
NK cells by using anti-NK1.1 mAb administration in vivo
strongly diminished the development of a normal primary
or secondary humoral immune response to SEB. Taken
together, this set of experiments gives a clear indication
that in some situations, such as immunization with
superantigens, NK T cells might be responsible for help-
ing B cells to produce specific antibodies. In addition, NK
T cells were not required for the development of a
humoral immune response to OVA in adult mice.

It is worthwhile to point out that a secondary immune
response is achieved upon immunization with SEB and,
apparently, the memory response may involve the partici-
pation of conventional CD4 T cells, as shown for other
experimental models.*>*® However, the data presented
herein indicate that conventional CD4" T cells are much
less effective than NK T cells either in vitro or in vivo in
providing help to B cells in this superantigen system. This
may be because of a possible differentiation of the major-
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ity of these conventional CD4" T cells to Th3 pattern,
with high levels of TGF-B production,*®* following SEB
stimulation. In fact, the high levels of SEB-specific IgG2b
found during SEB immunization indicate that TGF-f is
produced during immune response to SEB.'"' TGF-B-
producing T cells are able to suppress the proliferation of
T cells either in vitro or in vivo, thus arguing that this
phenotype might justify, in part, the ‘anergy’ during
in vitro SEB re-stimulation.*®

The majority of NK T cells already present a memory
phenotype as they express high levels of CD44 mole-
cules.* It was demonstrated herein and by others®” that a
considerable proportion of spleen NK T cells constitu-
tively express CD40L. These results indicate that natural
NK T cells are already able to provide B-cell help. Besides,
it is known that recently thymic emigrant NK T cells
secrete large amounts of IL-4 and acquire the ability to
secrete IFN-vy after some time parked in lymphoid periph-
eral tissues.*” Therefore, it seems reasonable to assume
that NK T cells are not committed to a given functional
pattern of lymphokine production as soon as they leave
the thymus, opening the possibility that different environ-
mental antigenic experiences could lead NK T cells to
secrete more IL-4 (type-2) or IFN-y (type-1). In fact, the
down-modulation of CD40L upon SEB priming could
reflect ‘type-2” NK T cells. It was demonstrated, previ-
ously, that the ligation of CD40L is of fundamental
importance for NK T cells to secrete IFN-v.°* Our results
would be consistent with the possibility that the down-
modulation of CD40L on NK T cells by SEB activation
would result in a Th2 functional pattern by the lack of
CDA40L coaggregation upon re-stimulation. In addition to
CD40L molecules, ICOS was also described as crucial for
the development and maintenance of humoral immune
responses.”’ Our results showed that the percentage of
ICOS-expressing NK T cells did not diminish after SEB
priming; thus, indicating that the NK T-cell helper activ-
ity could be mediated by ICOS instead of CD40L in this
model.

In summary, and judging by the immunoglobulin iso-
type profile produced during the immune response to
SEB, it could be hypothesized that SEB stimulation indu-
ces the differentiation of ‘type 2> NK T cells. Therefore,
part of the immunological memory to SEB would rely on
NK T-cell functional differences rather than on clonal
proliferation.

Herein, we demonstrated a possible role for NK T
cells as helper cells in the immune response to a super-
antigen. It was clearly shown that SEB administration in
neonatal mice did not result in the establishment of tol-
erance at the level of specific antibody production. On
the contrary, repeated injections of SEB appear to
induce a huge polyclonal B-cell activation and immune
deviation to a Th2-type immune response. It was also
shown that NK T cells are largely responsible for such
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B-cell helper activity with less involvement of conven-
tional CD4" T cells. We also provide evidence that
could explain the inability of inducing neonatal tolerance
in some models where virus infections are used,”® since
it has been found that many viruses do express super-
antigen-like molecules.’® Therefore, the results reported
herein indicate that superantigen-reactive NK T cells are
functional in providing B-cell help in vivo, whilst mak-
ing tolerance unachievable. This could help to explain
the paradox of neonatal and adult immune responses in
conditions where tolerance should be expected.''*>>?
These results also provide some clues for the develop-
ment of vaccines and immunity to some bacteria, such
as Staphylococcus aureus, as well as explaining the pres-
ence of large amounts of IgE antibodies to Staphylo-
coccus enterotoxins in patients suffering from severe
asthma, persistent allergic rhinitis or myelitic patients
with hyper-IgEmia.>*>¢

Acknowledgements

This work was supported by grants from CNPq and
FAPESP (proc. 95/09379-2 and 97/6225-0) and by fellow-
ships from CNPq (J.M.), FAPESP (F.C., R.A. and E.P.)
and CAPES (AN.,, E.P. and R.A.). We also thank
Drs Lain Pontes de Carvalho and Thiago L. Carvalho for
critical reading of the manuscript.

References

1 Herman A, Kappler JW, Marrack P, Pullen AM. Superantigens.
Mechanism of T-cell stimulation and role in immune responses.
Annu Rev Immunol 1991; 9:745-72.

2 Marrack P, Kappler J. The staphylococcal enterotoxins and their
relatives. Science 1990; 248:705—11.

3 Rammensee HG, Kroschewski R, Frangoulis B. Clonal anergy
induced in mature V beta 6+ T lymphocytes on immunizing
Mls-1b mice with Mls-la expressing cells. Nature 1989; 339:
541-4.

4 Baschieri S, Lees RK, Lussow AR, MacDonald HR. Clonal
anergy to staphylococcal enterotoxin B in vivo. Selective effects
on T cell subsets and lymphokines. Eur ] Immunol 1993; 23:
2661-6.

5 Scherer MT, Ignatowicz L, Winslow GM, Kappler JW, Marrack P.
Superantigens: bacterial and viral proteins that manipulate the
immune system. Annu Rev Cell Biol 1993; 9:101-28.

6 White J, Herman A, Pullen AM, Kubo R, Kappler JW,
Marrack P. The V beta-specific superantigen staphylococcal
enterotoxin B. Stimulation of mature T cells and clonal deletion
in neonatal mice. Cell 1989; 56:27-35.

7 MacDonald HR, Pedrazzini T, Schneider R, Louis JA, Zinkerna-
gel RM, Hengartner H. Intrathymic elimination of Mlsa-reactive
(V beta 6+) cells during neonatal tolerance induction to Mlsa-
encoded antigens. | Exp Med 1988; 167:2005-10.

8 MacDonald HR, Lees RK, Baschieri S, Herrmann T, Lussow AR.
Peripheral T-cell reactivity to bacterial superantigens in vivo: the
response/anergy paradox. Immunol Rev 1993; 133:105-17.

© 2005 Blackwell Publishing Ltd, Immunology, 116, 233-244



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

Bandeira A, Mengel J, Burlen-Defranoux O, Coutinho A. Prolif-
erative T cell anergy to MIs-1a does not correlate with in vivo
tolerance. Int Immunol 1991; 3:923-31.

Heeg K, Gaus H, Griese D, Bendigs S, Miethke T, Wagner H.
Superantigen-reactive T cells that display an anergic phenotype
in vitro appear functional in vivo. Int Immunol 1995;
7:105-14.

Williams O, Aroeira LS, Mengel J. T cell-dependent antibody
response to staphylococcal enterotoxin B. Scand ] Immunol 1995;
42:305-10.

Le Gros G, Ben-Sasson SZ, Seder R, Finkelman FD, Paul WE.
Generation of interleukin 4 (IL-4)-producing cells in vivo and
in vitro. IL-2 and IL-4 are required for in vitro generation of
IL-4-producing cells. ] Exp Med 1990; 172:921-9.

Yoshimoto T, Paul WE. CD4pos, NK1.1pos T cells promptly
produce interleukin 4 in response to in vivo challenge with anti-
CD3. ] Exp Med 1994; 179:1285-95.

Dieli F, Taniguchi M, Asherson GL, Sireci G, Caccamo N, Scire
E et al. Development of hapten-induced IL-4-producing CD4+ T
lymphocytes requires early IL-4 production by alphabeta T
lymphocytes carrying invariant V (alpha) 14 TCR alpha chains.
Int Immunol 1998; 10:413-20.

Fowlkes BJ, Kruisbeek AM, Ton-That H, et al. A novel popula-
tion of T-cell receptor alpha beta-bearing thymocytes which pre-
dominantly expresses a single V beta gene family. Nature 1987;
329:251-4.

Taniguchi M, Makino Y, Cui J, et al. V alpha 14+ NK T cells: a
novel lymphoid cell lineage with regulatory function. J Allergy
Clin Immunol 1996; 98:5263-9.

Tilloy F, Di Santo JP, Bendelac A, Lantz O. Thymic dependence
of invariant V alpha 14+ natural killer-T cell development. Eur J
Immunol 1999; 29:3313-18.

Denkers EY, Scharton-Kersten T, Barbieri S, Caspar P, Sher A.
A role for CD4+ NKI1.1+ T lymphocytes as major histocompati-
bility complex class II independent helper cells in the generation
of CD8+ effector function against intracellular infection. J Exp
Med 1996; 184:131-9.

Cardillo F, Voltarelli JC, Reed SG, Silva JS. Regulation of
Trypanosoma cruzi infection in mice by gamma interferon and
interleukin 10: role of NK cells. Infect Immun 1996; 64:128-34.
Roser BJ. Cellular mechanisms in neonatal and adult tolerance.
Immunol Rev 1989; 107:179-202.

Sarzotti M. Immunologic tolerance. Curr Opin Hematol 1997;
4:48-52.

Malkovsky M, Medawar PB, Thatcher DR, et al. Acquired
immunological tolerance of foreign cells is impaired by recom-
binant interleukin 2 or vitamin A acetate. Proc Natl Acad Sci
USA 1985; 82:536-8.

Adkins B, Ghanei A, Hamilton K. Developmental regulation of
IL-4, IL-2, and IFN-gamma production by murine peripheral T
lymphocytes. ] Immunol 1993; 151:6617-26.

Inaba M, Inaba K, Hosono M, et al. Distinct mechanisms of
neonatal tolerance induced by dendritic cells and thymic B cells.
J Exp Med 1991; 173:549-59.

Ridge JP, Fuchs EJ, Matzinger P. Neonatal tolerance revisited:
turning on newborn T cells with dendritic cells. Science 1996;
271:1723-6.

Rieger M, Hilgert I. The involvement of a suppressor mechan-
ism in neonatally induced allograft tolerance in mice. J Immuno-
genet 1977; 4:61-7.

© 2005 Blackwell Publishing Ltd, /Immunology, 116, 233-244

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

NK T cell-dependent immune response

Alferink J, Tafuri A, Vestweber D, Hallmann R, Hammerling GJ,
Arnold B. Control of neonatal tolerance to tissue antigens by
peripheral T cell trafficking. Science 1998; 282:1338—41.

Sarzotti M, Robbins DS, Hoffman PM. Induction of protective
CTL responses in newborn mice by a murine retrovirus. Science
1996; 271:1726-8.

Adkins B, Hamilton K. Freshly isolated, murine neonatal T cells
produce IL-4 in response to anti-CD3 stimulation. J Immunol
19925 149:3448-55.

Chen Y, Inobe J, Kuchroo VK, Baron JL, Janeway CA Jr, Weiner
HL. Oral tolerance in myelin basic protein T-cell receptor trans-
genic mice. suppression of autoimmune encephalomyelitis and
dose-dependent induction of regulatory cells. Proc Natl Acad Sci
USA 1996; 93:388-91.

Chen N, Field EH. Enhanced type 2 and diminished type 1
cytokines in neonatal tolerance. Transplantation 1995; 59:
933-41.

Crowe NY, Uldrich AP, Kyparissoudis K, et al. Glycolipid anti-
gen drives rapid expansion and sustained cytokine production
by NK T cells. J Immunol 2003; 171:4020-7.

Seino K, Harada M, Taniguchi M. NKT cells are relatively resist-
ant to apoptosis. Trends Immunol 2004; 25:219-21.

Gregory S, Zilber MT, Choqueux C, Mooney N, Charron D,
Gelin C. Role of the CDla molecule in the superantigen-induced
activation of MHC class II negative human thymocytes. Hum
Immunol 2000; 61:427-37.

Daly K, Nguyen P, Hankley D, Zhang WJ, Woodland DL,
Blackman MA. Contribution of the TCR alpha-chain to the dif-
ferential recognition of bacterial and retroviral superantigens.
J Immunol 1995; 155:27—34.

Yoshimoto T, Bendelac A, Watson C, Hu-Li J, Paul WE. Role of
NKI1.1+ T cells in a TH2 response and in immunoglobulin E
production. Science 1995; 270:1845-7.

Singh N, Hong S, Scherer DC, et al. Cutting edge: activation of
NK T cells by CD1d and alpha-galactosylceramide directs con-
ventional T cells to the acquisition of a Th2 phenotype. J Immu-
nol 1999; 163:2373-7.

Kitamura H, Ohta A, Sekimoto M, et al. Alpha-galactosylcera-
mide induces early B-cell activation through IL-4 production by
NKT cells. Cell Immunol 2000; 199:37-42.

Campos RA, Szczepanik M, Itakura A, Akahira-Azuma M, Sido-
bre S, Kronenberg M, Askenase PW. Cutaneous immunization
rapidly activates liver invariant Valphal4 NKT cells stimulating
B-1 B cells to initiate T cell recruitment for elicitation of contact
sensitivity. J Exp Med 2003; 198:1785-96.

Galli G, Nuti S, Tavarini S, Galli-Stampino L, De Lalla C, Caso-
rati G, Dellabona P, Abrignani S. CD1d-restricted help to B cells
by human invariant natural killer T lymphocytes. | Exp Med
2003; 197:1051-7.

Bendelac A. Positive selection of mouse NKI1+ T cells by CD1-
expressing cortical thymocytes. J Exp Med 1995; 182:2091-6.
Bendelac A, Killeen N, Littman DR, Schwartz RH. A subset of
CD4+ thymocytes selected by MHC class I molecules. Science
1994; 263:1774-8.

Bendelac A, Lantz O, Quimby ME, Yewdell JW, Bennink JR,
Brutkiewicz RR. CD1 recognition by mouse NK1+ T lympho-
cytes. Science 1995; 268:863—5.

Roark JH, Park SH, Jayawardena ], Kavita U, Shannon M,
Bendelac A. CD1.1 expression by mouse antigen-presenting cells
and marginal zone B cells. ] Immunol 1998; 160:3121-7.

243



45

46

47

48

49

. Nomizo et al.

Lee WT, Thrush GR, Vitetta ES. Staphylococcal enterotoxin B
induces the expression of activation markers on murine memory
T cells in the absence of proliferation or lymphokine secretion.
Cell Immunol 1995; 162:26-32.

Chen L, Koyanagi M, Fukada K, Imanishi K, Yagi J, Kato H
et al. Continuous exposure of mice to superantigenic toxins
induces a high-level protracted expansion and an immunological
memory in the toxin-reactive CD4+ T cells. | Immunol 2002;
168:3817-24.

Fukaura H, Kent SC, Pietrusewicz MJ, Khoury SJ, Weiner HL,
Hafler DA. Induction of circulating myelin basic protein and
proteolipid protein-specific transforming growth factor-betal-
secreting Th3 T cells by oral administration of myelin in mul-
tiple sclerosis patients. J Clin Invest 1996; 98:70-7.

Miller A, Lider O, Roberts AB, Sporn MB, Weiner HL. Suppres-
sor T cells generated by oral tolerization to myelin basic protein
suppress both in vitro and in vivo immune responses by the
release of transforming growth factor beta after antigen-specific
triggering. Proc Natl Acad Sci USA 1992; 89:421-5.

Bendelac A, Rivera MN, Park SH, Roark JH. Mouse CD1-speci-
fic NK1 T cells. Development, specificity, and function. Annu
Rev Immunol 1997; 15:535-62.

244

51

52

53

54

55

56

Hayakawa Y, Takeda K, Yagita H, Van Kaer L, Saiki I,
Okumura K. Differential regulation of Thl and Th2 functions
of NKT cells by CD28 and CD40 costimulatory pathways.
J Immunol 2001; 166:6012-8.

Greenwald RJ, Freeman GJ, Sharpe AH. The B7 family revisited.
Annu Rev Immunol 2005; 23:515-48.

Huber BT, Hsu PN, Sutkowski N. Virus-encoded superantigens.
Microbiol Rev 1996; 60:473—82.

Forsthuber T, Yip HC, Lehmann PV. Induction of TH1 and
TH2 immunity in neonatal mice. Science 1996; 271:1728-30.
Bachert C, Gevaert P, Howarth P, Holtappels G, van Cauwen-
berge P, Johansson SG. IgE to Staphylococcus aureus enterotoxins
in serum is related to severity of asthma. J Allergy Clin Immunol
2003; 111:1131-2.

Rossi RE, Monasterolo G. Prevalence of serum IgE antibodies to
the Staphylococcus aureus enterotoxins (SAE, SEB, SEC, SED,
TSST-1) in patients with persistent allergic rhinitis. Int Arch
Allergy Immunol 2004; 133:261-6.

Ochi H, Osoegawa M, Murai H, Minohara M, Taniwaki T,
Kira J. Presence of IgE antibodies to bacterial superantigens
and increased IL-13-producing T cells in myelitic patients with
atopic diathesis. Int Arch Allergy Immunol 2004; 134:41-8.

© 2005 Blackwell Publishing Ltd, Immunology, 116, 233-244



