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Microbial agents are known to play a significant role
in aggravating allergic diseases. Recently described
viral and bacterial superantigens represent one import-
ant strategy by which infectious agents can stimulate
the immune response. In previous work, we reported
that the staphylococcal toxin toxic shock toxin-1
(TSST-1), a prototypic superantigen, induces in vitro
total IgE synthesis after cross-linking T and B cells.
This study was carried out to establish a potential link
between superantigens and the enhanced IgE response
to specific allergens in allergic patients. Peripheral
blood mononuclear cells from atopic patients were
isolated during and outside the pollen allergen season
and stimulated with TSST-1, a prototypic superanti-
gen. Total IgE and interferon-y production were meas-
ured in supernatants of these cultures. Outside the
pollen season, TSST-1 significantly increased total
IgE production only in the presence of exogenous
interleukin-4, whereas during the pollen season IgE
production was significantly enhanced without the

need of exogenous interleukin-4. This increase in the
absence of exogenous interleukin-4 was associated
with significantly lower interferon-y production by
peripheral blood mononuclear cells stimulated by
TSST-1 during the pollen season. Moreover, TSST-1
stimulation of peripheral blood mononuclear cells
from inhalant allergic patients was followed by an
increased production of allergen-specific IgE that was
restricted to the allergen to which the patient was
allergic and recently exposed. In addition, TSST-1
induced on B cells the expression of B7.2, a molecule
that has recently been demonstrated to enhance T
helper 2 responses and to be involved in IgE regulation.
This study, by demonstrating that superantigens can
augment allergen-specific IgE synthesis and B7.2
expression, provides a mechanism by which microbial
superantigens may modulate allergic responses. Key
words: allergy/dermatitis/superantigens/ T cells. J Invest
Dermatol 112:171-176, 1999

llergic diseases, such as asthma and atopic dermatitis

(AD), are characterized by increased production of

IgE directed against specific allergens, triggering

inflammation in the target organ (Leung, 1993a,

1994). Aside from allergens, it has been shown that
microbial antigens, like staphylococcal toxins in AD patients or
viral antigens in asthma patients, may influence the course of
allergic diseases (McIntosh et al, 1973; Leyden et al, 1974). Based
on these clinical observations, the potential role of infectious
antigens in triggering the IgE response in allergic patients was
proposed over 20 y ago (McIntosh et al, 1973); however, the
mechanism by which this occurs is unknown.

AD is a chronic inflammatory skin disorder that frequently occurs
in patients with respiratory allergy (Leung et al, 1993b). More than
80% of patients with AD have elevated serum IgE, and clinical
evidence of allergies, i.e., foods and inhalants, can exacerbate their
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skin disease (Burks ef al, 1988; Norris ef al, 1988; Leung, 1995). In
acute AD skin lesions, T cells secrete a T helper (Th) 2 cytokine
profile [interleukin (IL)-4, IL-5, IL-13], which is known to induce
IgE production (Van der Heijden ef al, 1991; Hamid et al, 1994).
Furthermore, Langerhans cells infiltrating into the AD skin lesions
bear IgE on their cell surface (Bruijnzeel-Koomen et al, 1986;
Leung et al, 1987; de Bieber et al, 1992). These cells may play an
important role in cutaneous allergen presentation to Th 2 cells and
contribute to atopic skin inflammation (Mudde et al, 1990). AD is
an interesting disease model to investigate the events involved in
IgE sensitization, because AD is an early manifestation of atopy in
children, and nearly 80% of these children develop allergic rhinitis
and asthma later in childhood (Leung, 1995). Of note, most AD
patients are colonized by S. aureus (Hauser et al, 1985; Lever et al,
1988; Hoeger et al, 1992) on their skin and a majority of these
strains secrete exotoxins that can trigger skin inflammatory responses
(Marrack and Kappler, 1990).

Staphylococcal toxins, such as toxic shock syndrome toxin-1
(TSST-1), are prototypic superantigens leading to a polyclonal
expansion of T lymphocytes expressing a specific T cell receptor
variable region BV gene and the production of high cytokine levels
(Marrack and Kappler, 1990). Superantigens are also able to activate
B lymphocytes by bridging the T cell receptor on the T lymphocyte
with the class IT major histocompatibility molecule on the B
lymphocyte (Mourad et al, 1989). We have previously shown that
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Figure 1. Stimulation of IgE
production by TSST-1 during and
outside the pollen season. PBMC from
eight pollen-allergic subjects isolated
outside (A) or during (B) the pollen season
were incubated with TSST-1 at a
concentration of 0.01 pg per ml in the
presence or absence of exogenous
recombinant IL-4. IgE production was
measured by enzyme-linked immuno-
sorbent assay after 14 d of culture. Mean
* SEM of eight experiments [medium
alone (0, () versus TSST-1 @): *p<<0.05]
are shown.
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in vitro TSST-1 at low concentrations is able to stimulate IgE
production by peripheral blood mononuclear cells (PBMC) from
AD patients, and that this IgE production was inhibited by interferon
(IFN)-y at higher TSST-1 concentrations (Hofer et al, 1995).
Increased IgE production was secondary to T cell-dependent
polyclonal B cell activation after bridging of T and B cells by
TSST-1. In this regard, TSST does not induce purified B cells to
synthesize IgE in the absence of T cells. Furthermore, anti-LFA-1
monoclonal antibodies inhibit TSST-1 enhanced IgE synthesis. In
contrast to anti-CD40 antibodies, TSST-1 did not induce IgE
synthesis by purified B cells, which implies that TSST-1-induced
IgE synthesis is T cell dependent. In this study, we show that
staphylococcal toxins augment IgE response to specific allergens.
These data provide for the first time a mechanism by which
infectious agents may affect the course of allergic responses, in
particular that staphylococcal infection in AD may augment IgE
sensitization to inhalant allergens, and thereby contribute to the
development of respiratory allergy.

MATERIALS AND METHODS

Subjects For the studies during and outside the pollen season we
investigated eight patients with moderate to severe AD (greater than 20%
of skin involvement). Their diagnosis was based on well-defined criteria
(Hanifin and Rajka, 1980; Leung ef al, 1993b). All patients had a history
of AD dating back to early infancy and had flexural eczema. These patients
had concomitant asthma or allergic rhinitis and were allergic to grass and/
or ragweed pollen, as demonstrated by positive immediate skin test reactivity
to grass and ragweed, respectively, and a prior history of increased asthmatic
or rhinitis symptoms during the allergen season (late spring and/or
fall). None of the patients had previously used systemic corticosteroids.
Heparinized blood was collected from all pollen sensitive patients at two
separate time points: during the pollen season (grass or ragweed, depending
on the pollen to which the patient was sensitized) and outside the pollen
season (December and January).

For allergen-specific IgE studies, blood was obtained from four cat-
allergic patients (two of them were living with their cats and two were
not exposed to cat allergen during the study period) and from four pollen-
allergic patients (two of them during the pollen season and two during the
winter). These patients had respiratory symptoms (asthma and/or rhinitis
when exposed to the allergen to which they are sensitized), but none had
AD. Control blood was obtained from eight healthy nonatopic subjects,
who had no personal history of atopic diseases, asthma or skin disease and
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were skin test negative to allergens. Informed consent was obtained from
every participant to the study before blood was drawn.

Cell cultures PBMC were isolated from heparinized venous blood
by density gradient centrifugation on Ficoll-Paque (Pharmacia, Uppsala,
Sweden) and resuspended at 2 X 10° in enhanced Iscove’s modified
Dulbecco’s medium with 10% heat inactivated fetal calf serum, as described
previously (Yssel et al, 1984). PBMC were incubated in the absence
or presence of 400 U recombinant IL-4 (Schering Research Institute,
Bloomfield, NJ) per ml with a range of TSST-1 concentrations (1000—
0.001 pg per ml). Purified TSST-1 was prepared by P.M.S. as previously
described (Blomster-Hautamaa and Schlievert, 1988). After 2 d of culture
for cytokine production or 14 d for IgE production, supernatants were
collected and stored at —20°C until assayed.

Enzyme-linked immunosorbent assay for immunoglobulin and
cytokine determination Total IgE and IgG were measured by a specific
enzyme-linked immunosorbent assay, as described previously in Jujo et al
(1993), read at 405 nm on an Emax microplate reader (Molecular Devices,
Menlo Park, CA). The IgE assay did not detect polyclonal IgG and
therefore did not detect idiotypic determinants. The concentrations of IgE
and IgG in the supernatants were read from a standard curve. The lower
limit of sensitivity of this assay was 500 pg per ml. Preformed IgE was
measured by acid elution, as described previously (Turner et al, 1983) and
was less than 500 pg per ml in all experiments. IFN-Y was measured by a
commercially available enzyme immunoassay kit (Endogen, Boston, MA)
with a lower limit of sensitivity of 5 pg per ml (0.1 U per ml). Specific
IgE to timothy, ragweed, and cat allergen were measured by the CAP
system. Results were given in kU per liter (Zieg et al, 1994). Before
running the assay, the supernatants were concentrated 10 times using
Centricon centrifugal concentrators (Amicon, Beverly, MA) with a 10,000
MW cut-off. The lower limit of sensitivity of the CAP system was 35 U
per liter (0.035 kU per liter).

Cell staining and flow cytometric analysis Four-parameter analysis
was performed using a FACScalibur flow cytometer (Becton Dickinson,
Mountain View, CA) with fluorescein isothiocyanate and phycoerythrin
used as the two fluorescent parameters. PBMC were washed twice in
phosphate buffer saline containing 1% human immunoglobulins (Armour
Pharmaceutical, Kankakee, IL) and 0.02% NaNj, and stained for 30 min
at 4°C with anti-CD19 fluorescein isothiocyanate- (Becton Dickinson)
and anti-B7.1 (CD80) phycoerythrin- or anti-B7.2 (CD86) phycoerythrin-
conjugated monoclonal antibodies (Ancell, Bayport, MN). Cells were
washed three times in phosphate buffer saline before analysis. Methods of
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Figure 2. Stimulation of IgE production by TSST-1 in three
consecutive seasons. PBMC from three pollen-allergic subjects, isolated
outside, during, and outside the pollen season, were stimulated with
TSST-1 in the absence of exogenous IL-4 as for Fig 1.

cytometer set up and data acquisition were as described previously
(Funderud et al, 1987). List mode multiparameter data files (each file with
forward scatter, side scatter, and two fluorescent parameters) were analyzed
by use of the CellQuest Maclntosh program (Becton Dickinson). Negative
control reagents were used to verify the staining specificity of experimental
antibodies.

Statistical analysis Data are expressed as the mean = SEM. Due to the
exponential range of the data, log transformation was performed before
the data were analyzed by unpaired or paired Student’s t test.

RESULTS

TSST-1-enhanced IgE response is primed during the pollen
season Initially, we examined the role of in vivo allergen exposure
for priming the IgE response to TSST-1 stimulation. PBMC were
isolated from eight AD patients with pollen allergy, during and
outside the pollen season, and stimulated with a range of TSST-1
concentrations in the presence or in the absence of exogenous IL-
4. We chose the TSST-1 concentrations for our experiments based
on previous studies, where we showed that higher concentrations
inhibited IgE production by inducing B cell apoptosis (Hofer et al,
1996). As shown on Fig 1, the spontaneous IgE production in the
absence of exogenous IL-4 was only increased significantly during
the pollen season (medium alone, 32.0 = 6.2 ng per ml; TSST-1,
61.5 £ 14.6 ng per ml, p < 0.05); however, TSST-1 enhanced
IL-4-induced IgE production both outside (medium alone,
9.8 £ 1.5 ng per ml; TSST-1, 24.1 = 2.2 ng per ml, p < 0.05)
and during the pollen season (medium alone, 155.7 = 37.1 ng per
ml; TSST-1, 401.8 % 108.9 ng per ml, p < 0.05). Under all
conditions, IgE production was significantly higher (p < 0.05)
during the pollen season compared with outside the pollen season.
In three patients studied for three consecutive seasons (outside,
during, and outside the pollen season), TSST-1-induced IgE
production reproducibly dropped outside the pollen season (Fig 2).
As a control, we measured the spontaneous and the TSST-1-
induced IgG production, which were not affected by the season
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Figure 3. Stimulation of IgG production by TSST-1 during and
outside the pollen season. PBMC from eight pollen-allergic subjects,
isolated outside ([) or during (%) the pollen season, were incubated with
TSST-1 at concentrations of 0.1 and 0.01 pg per ml in the absence of
exogenous IL-4. Mean *£ SEM of all experiments (during versus outside

pollen season: all p>0.50).

(Fig 3). Furthermore, the frequency of B cells was similar in resting
and TSST-1-stimulated PBMC samples drawn before and during
the pollen season: in medium controls, the mean percentage of B
cells was 6.1% during pollen season and 5.6% outside pollen season.
Following TSST-1 stimulation, the mean percentage of B cells was
7.9% during pollen season and 7.5% outside pollen season. These
data highlight the role of allergen exposure in priming for the
enhanced IgE production by TSST-1.

TSST-1-induced IFN-Y synthesis is decreased during allergen
exposure Allergic patients have in common the predominance
of a Th2-type cytokine profile, in particular IL-4 and IL-13,
favoring IgE production, in contrast to nonatopic persons, where
Th1-type cytokines predominate, such as IFN-y, which is known
to inhibit IgE synthesis (Rousset ef al, 1991; Hamid et al, 1994,
Lester et al, 1995). We hypothesized that low IFN-y production
contributed to the seasonal difference in TSST-1-stimulated IgE
production. PBMC from eight pollen-allergic AD patients and
eight nonatopic controls were cultured in medium alone or
stimulated for 48 h with a range of TSST-1 concentrations followed
by the measurement of IFN-Y and IL-4 in the culture supernatants.
As shown in Fig 4, IFN-Y production induced by 10 pg TSST-1
per ml in PBMC from AD patients with pollen allergy was
significantly lower during (142 * 22 pg per ml) than outside the
pollen season (2151 * 499 pg per ml, p = 0.02). Results were
similar for TSST-1 concentrations higher than 10 pg per ml;
however, the spontaneous IFN-Y production was similar regardless
of the season. The PBMC from nonatopic controls did not show
any significant difference for the TSST-1-induced IFN-Y production
during versus outside the pollen season. TSST-1 concentrations
lower than 10 pg per ml did not induce sufficient enough IFN-y to
detect significant differences in seasonal production or a significant
difference between subject groups studied. IL-4 production was
too low to detect in both resting and TSST-1-stimulated cultures.
This decreased IFN-Y production during season, as well as the need
for exogenous IL-4 for the TSST-1-enhanced IgE production
outside the pollen season, resulted in the higher TSST-1-induced
IgE production after allergen exposure. When PBMC from allergic
patients drawn outside the pollen season were stimulated with a
mitogen, phytohemagglutin, at the concentration of 2 g per ml,
the IFN-Y production was much lower (96.1 = 63.3 pg per ml)
than after stimulation with TSST-1 (2151 * 499 pg per ml). For
PBMC from nonatopics, the difference was much less (phytohemag-
glutin, 1149.6 = 1042.1; TSST-1, 5505.1 * 1688.0 pg per ml).
Furthermore, in cultures done outside the pollen season when
IFN-y was blocked by neutralizing antibodies, TSST-1-stimulated
IgE production was significantly enhanced (data not shown).
Similarly, we showed previously that neutralizing anti-IFN-Y anti-
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Figure 4. Stimulation of IFN-y
production by TSST-1 during and
outside the pollen season. PBMC from
eight pollen-allergic subjects (A4) and eight
non-atopic controls (B), isolated outside
(O) or during ) the pollen season, were
incubated with TSST-1 at a concentration
of 10 pg per ml. IFN-y production was
measured by enzyme-linked immuno-
sorbent assay after 2 d of culture. Mean
* SEM of all experiments (during versus
outside pollen season: *p=0.02).
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Table I. TSST-1 stimulates specific IgE production in cat
and pollen allergic patients”

Allergen specific IgE production (U/1)

Patient 1 Patient 2 Patient 3 Patient 4 P value?

Medium <0.35 <035 <035 <0.35 -
TSST-1 68.8 202.5 208.0 47.4 0.04
(0.01 pg per ml)

TSST-1 106.3 387.2 242.0 43.6 0.01
(0.1 pg per ml)

IL-4 54.3 166.3 117.0 38.7 -

PBMC from patients without AD, but allergic to cats and living with a cat
(patients 1 and 2), or pollen allergic patients in pollen season (patients 3 and 4), were
stimulated with or without TSST-1 for 14 d in the presence or in the absence of
IL-4 (400 U per ml). At the end of the culture, supernatants were harvested and
analyzed for the cat-allergen (patients 1 and 2) or pollen-allergen (patients 3 and 4)
specific IgE content by the CAP system.

bP_values comparing IL-4 versus IL-4 + TSST-1.

bodies significantly increased TSST-1-induced IgE production in
nonatopic individuals (Lester et al, 1995).

TSST-1 increases the production of allergen-specific IgE in
allergic patients Previous studies have demonstrated a significant
association between allergen-specific IgE and allergic diseases
(Sampson, 1989; Gerriten et al, 1990; Nelson ef al, 1996). In order
to explore a potential link between staphylococcal toxin exposure
and allergen-specific IgE responses, we examined the effect of
TSST-1 on allergen-specific IgE production. PBMC from pollen-
and cat-allergic patients were stimulated with TSST-1 in the
presence of IL-4 (400 U per ml) and analyzed after 14 d of culture
for allergen-specific IgE. As shown in Table I, TSST-1 enhanced
cat-allergen specific IgE production in PBMC from cat allergic
patients living with their cats and symptomatic at the time of blood
draw. In contrast, in asymptomatic patients without recent exposure
to cat allergen, cat-allergen-specific IgE was below 0.35 U per liter
(detection limit of the assay) in all culture condition tested. The
increase in allergen-specific IgE was only observed for the allergen
to which the patient was sensitized. Similar results for specific IgE
production to grass and ragweed pollen were found with PBMC
from four pollen allergic patients (the two patients, who were
symptomatic and whose blood was drawn during pollen season,
are shown in Table I). Allergen-specific IgE could not be measured
after stimulation with TSST-1 of PBMC from nonatopic controls.
With these experiments, we show that TSST-1 is able to stimulate

A. Pollen Allergic
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the production of allergen-specific IgE in PBMC from allergic
patients.

TSST-1 upregulates B7.2, but not B7.1, at the B cell
surface A costimulatory signal, provided by the interaction
between the B7 family of molecules (B7.1 or B7.2) expressed on
antigen-presenting cells and CD28, a T cell surface molecule, is
necessary in order to activate T cells. Based on work done in mice,
B7.2 appears to enhance Th2 cell activation (Gerriten et al, 1990).
Furthermore, we recently showed that B7.2 is upregulated on the
B cell surface from patients exposed to allergens (Hofer ef al, 1998),
and that B7.2% B cells produce significantly higher amounts of IgE
than B7.27 B cells (Jirapongsananuruk et al, 1998). Therefore, we
hypothesized that the B7/CD28 pathway may be differentially
affected by the enhancing effect of TSST-1 on allergen-specific
IgE production. We examined, by flow cytometry, the expression
of both B7 molecules on B cells from four normal and five atopic
donors after 2 d stimulation with a range of TSST-1 concentrations.
TSST-1 had similar effects on normal and atopic B cells. As shown
in Table II, TSST-1 significantly upregulated B7.2, but not B7.1,
on B cells from nonatopic controls (medium alone, 33.3 £ 8.7%;
TSST-1 at 1 pg per ml, 47.9 = 3.6%, p = 0.05; TSST-1 at 100 ng
per ml, 53.5 = 10.0%, p = 0.05), and in atopics (medium alone,
59.3 £ 5.5%; TSST-1 at 1 pg per ml, 67.3 * 5.6%, p = 0.05;
TSST-1 at 100 ng per ml, 79.4 = 2.3%, p = 0.006).

DISCUSSION

This study demonstrates a potential mechanism by which microbial
agents could increase IgE production in allergic patients and enhance
their sensitization to allergens. First, we showed the importance of
in vivo allergen exposure for priming total IgE responses to
TSST-1 stimulation. In vivo allergen priming during the pollen
season significantly decreased TSST-1-mediated IFN-Y production
and was associated with increased TSST-1-induced IgE production.
Of note, in PBMC primed by in vivo allergen exposure, TSST-1
increased IgE production even in the absence of exogenous IL-4.
Anti-IL-4 neutralizing antibodies did not significantly block
TSST-1-induced IgE production. These data suggest that the effect
of TSST-1 on IgE synthesis is not only due to the presence of
IL-4 and are consistent with the hypothesis of a bridge induced by
TSST-1 between Th 2 cells (primed in vivo) and B cells leading to
enhanced IgE production (Fig 5). Our observation suggests that,
when T cells are preactivated and shifted toward a Th2-like
cytokine profile, infectious agents can contribute to IgE-mediated
immune responses.

Next, we showed that the increased IgE production after
TSST-1 stimulation was associated with enhanced allergen-specific
IgE production. It is well established that symptoms following
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Table II. B7-2 expression on B cells is upregulated by TSST-1¢

TSST-1 (pg per ml) %B7.1" B cells

B7.2" B cells

Atopic Non-atopics All Atopic Non-atopics All
0 18.0 = 3.4 23.1*5.1 217 £33 59355 33.3+87 479 * 6.5
1 142+ 32* 21.4*51 17.8 = 3.1* 67.3 £ 5.6* 47.9 * 3.6* 60.7 £ 5.0%
10° 149 = 45 222 %57 17.0 * 3.1** 79.4 £ 2.3%* 53.5 * 10.0* 70.9 £ 4.3%*

PBMC from five atopic patients and four non-atopic controls were stimulated for 48 h with TSST-1. After the culture, cells were harvested, stained with anti-CD19
fluorescein isothiocyanate-conjugated and anti-B7.1 or -B7.2 phycoerythrin-conjugated antibodies, and analyzed by flow cytometry. Results are expressed as mean =SEM of

the nine experiments (medium versus TSST-1: *p < 0.05, ** p < 0.005).
A. Outside pollen season

[ IFN-y] high Th1 cell ,

TSST-1

)* B cell

Allergen-specific IgE production

B. During pollen season

[ IFN-y] low Th2 cell

AN l B cell
L\

Allergen-specific IgE production

Figure 5. Proposed model of the effects of TSST-1 on allergen-
specific IgE responses. After stimulation with TSST-1 outside the pollen
season (A), bridging of Th 1 cells with B cells, in the presence of large
amounts of IFN-y will inhibit allergen-specific IgE production. In contrast,
after stimulation with TSST-1 during the pollen season (B), very low
amounts of IFN-Y are secreted, and bridging TCR on Th 2 cells with
major histocompatibility complex class II by TSST-1 induces B cell
activation and subsequent allergen-specific IgE production.

allergen exposure are caused by allergen-specific IgE bound to
high-affinity receptors for IgE (Fc€RI) on mast cells (Ishisaka,
1976), and which on cross-linking with allergens triggers release
of histamine and other inflammatory mediators (Segal et al, 1977).
This reaction requires very small amounts of allergen-specific IgE
produced by a small number of IgE-secreting B cells (MacKenzie
and Dosch, 1989). Moreover, IgE-switched specific B cell clones
remain activated long after allergen exposure and are committed
to the continuous production of allergen-specific IgE. This study
suggests that TSST-1 stimulates allergen-specific IgE-secreting B
cells, which can prolong and amplify IgE responses. We have
previously shown that TSST-1 cross-links T and B cells to induce

polyclonal B cell activation. For this reason, we believe that TSST-
1 is not acting like a simple antigen, but stimulates T and B cells
specific for other antigens, like pollen- or cat-allergens. This
suggests that TSST-1 has an adjuvant effect on IgE synthesis.

Bacterial superantigens are known to bridge the T cell receptor
on the T lymphocyte with class I major histocompatibility molecule
on the antigen-presenting cell (Mourad et al, 1989). As we have
shown previously, total IgE production is enhanced by TSST-1
after the superantigen has bridged T and B cells (Hofer et al, 1995).
In order to be activated after antigen presentation, T cells need, in
addition to the signal given through the T cell receptor, a
costimulatory signal. The B7 family of molecules expressed on
antigen-presenting cells such as B cells, deliver this costimulatory
signal after ligation of the CD28 T cell surface molecule. Based on
work done in mice, two members of the B7 family, B7.1 and
B7.2, appear to influence the type of Th cell activation difterently
(Kuchroo et al, 1995). Glimcher et al regulated that antibodies to
B7.2 could nullify Th 2 differentiation in a Th 2-dominated mouse
(Kuchroo et al, 1995).

Recently, we demonstrated that B cells from asthmatic patients,
exposed to allergen, showed increased B7.2 expression, and that
B7.2 was upregulated on B cells by IL-4 (Hofer ef al, 1998). The
functional significance of B7.2 induction by IL-4 in allergic diseases
is supported by recent studies demonstrating its direct involvement
in the induction of IgE synthesis (Jeannin et al, 1997), and by
recent data showing that B7.2+ B cells produce more IgE than
B7.2— B cells. Furthermore, the role of B7.2 in IgE synthesis was
confirmed by the decrease of IgE production in cultures incubated
with anti-B7.2 antibodies (Jirapongsananuruk et al, 1998). Based
on the previous studies cited above, we conclude that TSST-1
enhances the IgE production by a mechanism involving B7.2
upregulation on B cells. In this study, we showed that B7.2, but
not B7.1, is upregulated on B cells after TSST-1 stimulation. This
increased B7.2 expression on B cells is likely to favor allergen
presentation and as a consequence stimulate the synthesis of allergen-
specific IgE.

In a previous study, we have shown that more than half of AD
patients are colonized with S. aureus secreting toxins, such TSST-
1 or staphylococcal enterotoxins. Furthermore, the serum of these
patients contained specific IgE against these toxins (Leung, 1995).
This study extends these observations to include a role for bacterial
toxins in the amplification of allergen-specific IgE production by
the following postulated pathway: during exposure to allergens,
IFN-Y production is decreased leading to a predominance of Th
2-like cytokines; TSST-1 bridges Th 2 cells and B cells inducing
B cell activation; TSST-1 upregulates B7.2 expression on B cells
and enhances IgE synthesis; IgE binds to CD23 allowing nonspecific
B cells to be potent antigen-presenting cells via the costimulatory
molecule B7.2. As a result, Th 2-like cells may expand and induce
more B cells to switch to IgE, with a subsequent overproduction
of IL-4 and allergen-specific IgE. This hypothesis may explain
how, in certain allergic patients, sensitivity only to one allergen
evolves to multiallergenicity. Thus in AD, TSST-1 may contribute
to sensitization to inhalant allergens, which promotes the subsequent
development of respiratory symptoms, as it is frequently seen in
the evolution of these patients. Our observation indicates a role
for S. aureus colonization in allergic sensitization of AD patients.
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In summary, this study demonstrates that TSST-1 is able to
augment IgE response against allergens. This adjuvant effect of
TSST-1 on IgE production is greatest when patients are undergoing
in vivo exposure to allergens, suggesting that exposure to superanti-
gens during the allergen season cross-links IL-4-producing Th 2
cells to B cells, which lead to enhanced IgE synthesis. These data
will provide new insights into potential mechanisms by which
infectious agents alter the course of allergic diseases.

This work was supported in part by NIH grants AR-41256, HL-37260, RR-
00051, HL-36577, and the Sandoz-ESPACI Award. The authors wish to thank
Dannette Martin and Susan Leung for their assistance and recruitment of patients,
and Maureen Plourd-Sandoval for preparation of this manuscript.

REFERENCES

de Bieber T, la Salle H, Wollenberg A, ef al: Human epidermal Langerhans cells
express the high affinity receptor for immunoglobulin E (Fc epsilon RI). J Exp
Med 175:1285-1290, 1992

Blomster-Hautamaa DA, Schlievert PM: Preparation of toxinc syndrome toxin X 1.
Meth Enzymol 165:37—-43, 1988

Bruijnzeel-Koomen C, van Wichen DF, Toonstra J, Berrens L, Bruijnzeel PLB: The
presence of IgE molecules on epidermal Langerhans cells in patients with
atopic dermatitis. Arch Derm Res 287:199-205, 1986

Burks A, Mallory S, Williams L, Shirrell M: Atopic dermatitis: clinical relevance of
food hypersensitivity reactions. J Pediatr 113:447-451, 1988

Funderud S, Nustad K, Lea T: Fractionation of lymphocytes by immunomagnetic
beads. In: Klaus GGB (ed.). Lymphocytes: A Practical Approach. New York:
Oxford University Press, 1987, pp. 55-61

Gerriten J, Koeter G, de Monchy J, Knol K: Allergy in subjects with asthma from
childhood to adulthood. J Allergy Clin Immunol 85:116—125, 1990

Hamid Q, Boguniewicz M, Leung DYM: Differential in situ cytokine gene expression
in acute vs. chronic atopic dermatitis. J Clin Invest 94:870-876, 1994

Hanifin JM, Rajka G: Diagnostic features of atopic dermatitis. Acta Dermatol Venereol
(Stockh) 92:44-47, 1980

Hauser C, Wuethrich B, Matter L, Wilhelm JA, Sonnabend W, Schopfer K:
Staphylococcus aureus skin colonization in atopic dermatitis patients. Dermatologica
170:35-39, 1985

Hoeger P, Lenz W, Boutonnier A, Fournier J: Staphylococcal skin colonization in
children with atopic dermatitis: prevalence, persistence and transmission of
toxigenic and nontoxigenic strains. J Inf Dis 165:1064-1068, 1992

Hofer M, Lester M, Schlievert P, Leung DYM: Upregulation of IgE synthesis by
staphylococcal toxic shock syndrome toxin X 1 in peripheral blood
mononuclear cells from patients with atopic dermatitis. Clin Exp Allergy
25:1218-1227, 1995

Hofer MF, Newell K, Duke RC, Schlievert PM, Freed JH, Leung DYM: Differential
effects of staphylococcal toxic shock syndrome toxin X 1 on B cell apoptosis.
Proc Natl Acad Sci USA 93:5425-5430, 1996

Hofer M, Jirapongsananuruk O, Trumble A, Leung DYM: Upregulation of B7.2,
but not B7.1, on B cells from patients with allergic asthma exposed in vivo to
allergens and in vitro to IL-4 and IL-13. J Allergy Clin Immunol 101:96-102, 1998

Ishisaka K: Cellular events in the IgE antibody response. Adv Immunol 23:1-75, 1976

Jeannin P, Delneste Y, Lecoanet-Henchoz S, Gauchat JF, Ellis ], Bonnefoy JY: CD86
(B7.2) on human B cells. A functional role in proliferation and selective
differentiation into IgE- and IgG4-producing cells. J Biol Chem 272:15613—
15619, 1997

Jirapongsananuruk O, Hofer M, Trumble A, Norris D, Leung DYM: Enhanced
expression of B7-2 (CD86) in patients with atopic dermatitis: a potential role
in the modulation of IgE synthesis. J Immunol 160:4622—4627, 1998.

Jujo K, Renz H, Abe J, Trumble A, Gelfand EW, Leung DYM: Pokeweed mitogen

THE JOURNAL OF INVESTIGATIVE DERMATOLOGY

induces IgE synthesis in the presence of a blocking antibody to the interferon-
gamma receptor. J Allergy Clin Immunol 91:1206-1216, 1993

Kuchroo VK, Das MP, Brown JA, et al: B7.1 and B7.2 costimulatory molecules
activate differentially the Th1/Th2 developmental pathways: application to
autoimmune disease therapy. Cell 80:707-718, 1995

Lester MR, Hofer MF, Gately M, Trumble A, Leung DYM: Down-regulating
effects of IL-4 and IL-10 on the IFN-gamma response in atopic dermatitis.
J Immunol 154:6174-6181, 1995

Leung DYM: Mechanisms controlling the human IgE response: new directions in
the therapy of allergic diseases. Pediatr Res 33:S56-S63, 1993

Leung DYM: Mechanisms of the human allergic response. Clinical implications.
Pediatr Clin North Am 41:727-743, 1994

Leung DYM: Atopic dermatitis: the skin as a window into the pathogenesis of
chronic allergic diseases. J Allergy Clin Immunol 96:302-318, 1995

Leung DYM, Schneeberger EE, Siraganian RP, Geha RS, Bhan AK: The presence
of IgE on monocytes/macrophages infiltrating into the skin lesion of atopic
dermatitis. Clin Immunol Immunopathol 42:328-337, 1987

Leung DYM, Harbeck R, Bina P, Hanifin JM, Reiser RF, Sampson HA: Presence
of IgE antibodies to staphylococcal exotoxins on the skin of patients with
atopic dermatitis: evidence for a new group of allergens. J Clin Invest 92:1374—
1380, 1993a

Leung DYM, Rhodes AR, Geha RS, Schneider L, Ring J: Atopic dermatitis. In:
Fitzpatrick TB, Eisen AZ, Wolft K, Freeberg IM, Austen KF (eds). Dermatology
in General Medicine. New York: McGraw-Hill, 1993b, pp. 1543-1564

Lever R, Hadley K, Downey D, Mackie R: Staphylococcal colonization in atopic
dermatitis and the effect of topical mupirocin therapy. Br J Dermatol 119:189—
198, 1988

Leyden JE, Marples RR, Kligman AM: Staphylococcus aureus in the lesions of atopic
dermatitis. Br J Dermatol 90:525-530, 1974

MacKenzie T, Dosch H: Clonal and molecular characteristics of the human IgE-
committed B cell subset. J Exp Med 169:407—-430, 1989

Marrack P, Kappler J: The staphylococcal enterotoxins and their relatives. Science
248:705-711, 1990

McIntosh K, Ellis E, Hoffman L, Lybass T, Eller J, Fulginiti V: The association of
viral and bacterial respiratory infections with exacerbations of wheezing in
young asthmatic children. J Pediatr 82:578-590, 1973

Mourad W, Scholl P, Diaz A, Geha R, Chatila T: The staphylococcal toxic shock
syndrome toxin X 1 triggers B cell proliferation and differentiation via major
histocompatibility complex-unrestricted cognate T/B cell interaction. J Exp
Med 170:2011-2022, 1989

Mudde GC, Van Reijsen FC, Boland GJ, DeGast GC, Bruijnzeel PLB, Bruijnzeel-
Koomen CAFM: Allergen presentation by epidermal Langerhans cells from
patients with atopic dermatitis is mediated by IgE. Immunology 69:335-341, 1990

Nelson RS, DiNicolo R, Fernandez-Caldas E, Seleznick MJ, Lockey RF, Good
RA: Allergen-specific IgE levels and mite allergen exposure in children with
acute asthma first seen in an emergency department and in nonasthmatic
control subjects. J Allergy Clin Immunol 98:258-263, 1996

Norris PG, Schofield O, Camp RD: A study of the role of house dust mite in atopic
dermatitis. Br J Dermatol 118:435-440, 1988

Rousset F, Robert J, Andary M, et al: Shifts in interleukin-4 and interferon-y
production by T cells of patients with elevated serum IgE levels and the
modulatory effects of these lymphokines on spontaneous IgE synthesis. J Allergy
Clin Immunol 87:58-69, 1991

Sampson HA: Role of immediate hypersensitivity in the pathogenesis of atopic
dermatitis. Allergy 44:52-58, 1989

Segal D, Taurog J, Metzger H: Dimeric immunobulin E serves as a unit signal for
mast cell degranulation. Proc Natl Acad Sci USA 41:457-461, 1977

Turner KJ, Holt PG, Holt BJ, Cameron KJ: In vitro synthesis of IgE by human
peripheral blood leucocytes. III. Release of preformed antibody. Clin Exp
Immunol 51:387-394, 1983

Van der Heijden F, Wierenga EA, Bos JD, Kapsenberg ML: High frequency of IL-
4 producing CD4+ allergen-specific T lymphocytes in atopic dermatitis lesional
skin. J Invest Dermatol 97:389-394, 1991

Yssel H, deVries JE, Koken M, Blitterswijk WV, Spits H: Serum-free medium for
generation and propagation of functional human cytotoxic and helper T cell
clones. J Immunol Meth 72:219-227, 1984

Zieg G, Lack G, Harbeck RJ, Gelfand EW, Leung DYM: In vivo effects of
glucocorticoids on IgE production. J Allergy Clin Immunol 94:222-230, 1994



