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Differential Susceptibility to Staphylococcal Superantigen
(SsAg)-Induced Apoptosis of CD4� T Cells from Atopic
Dermatitis Patients and Healthy Subjects: The Inhibitory
Effect of IL-4 on SsAg-Induced Apoptosis1

Yu-Tsan Lin,* Chen-Ti Wang,† Chen-Tong Hsu,* Li-Fang Wang,‡ Wen-Yi Shau,§

Yao-Hsu Yang,* and Bor-Luen Chiang2*§

This study had two aims: 1) to determine whether there are differences between atopic dermatitis (AD) patients and healthy
subjects in staphylococcal superantigen (SsAg)-induced CD4� T cell activation, cytokine production, chemokine receptor expres-
sion, and apoptosis; and 2) to investigate the effect of IL-4 on SsAg-induced apoptosis. By using immunofluorescence and annexin
V staining, we analyzed PBMC with or without staphylococcal enterotoxin B (SEB) stimulation in the presence or absence of rIL-4
or anti-IL-4-neutralizing Abs in 15 healthy subjects and 27 AD patients. We found that SEB preferentially induced production of
Th1 cytokine in SEB-reactive (TCRV�3� or V�12� or V�17�) CD4� T cells from healthy subjects and Th2 cytokine in those
from AD patients. SEB induced up-regulation of CXCR3� cells in SEB-reactive CD4� T cells from healthy subjects and CCR4�

cells in those from AD patients. SEB-reactive CD4� T cells from AD patients were more resistant to SEB-induced apoptosis than
those from healthy subjects. There was no significant difference between AD and healthy subjects in SEB-induced activation of
CD4� T cells. CXCR3� CD4� T cells were more susceptible to SEB-induced apoptosis than CCR4� CD4� T cells in healthy
subjects. Exogenously added IL-4 inhibited SEB-induced apoptosis of SEB-reactive CD4� and CXCR3� CD4� T cells but not of
CCR4� CD4� T cells in healthy subjects. Inhibition of endogenous IL-4 increased SEB-induced apoptosis of SEB-reactive CD4�

T cells from AD patients. These results might provide new clues to the mechanism that SsAgs contribute to the persistence and
exacerbation of allergic skin inflammation in AD. The Journal of Immunology, 2003, 171: 1102–1108.

A topic dermatitis (AD)3 is a genetically determined,
chronically relapsing pruritic inflammatory skin disor-
der. The cellular infiltrate in lesional skin of AD patients

consists of mostly CD4� T cells and only a small number of CD8�

T cells, with the CD4:CD8 ratio varying approximately from 2:1 to
5:1 (1–4). Numerous studies indicated that CD4� T cells play a
pivotal role in allergic skin inflammation of AD. The imbalance
between Th1 and Th2 cells contributes to the pathogenesis of AD.
AD is a Th2-predominant immune disorder. The elevation of se-
rum IgE levels and allergic skin inflammation is provoked by Th2
cytokines such as IL-4, IL-5, and IL-13 (1).

Th1 and Th2 cells differ in their chemokine receptor expression
and their responsiveness to chemokines, which may explain the
phenomenon of Th1 or Th2 favoring cell infiltration in inflamma-
tory sites. Among CD4� T cells, CXCR3 is selectively expressed
on Th1 cells, whereas CCR4 is selectively expressed on Th2 cells.
These findings suggest that CXCR3 and CCR4 appear to serve as

the useful surface markers for identification of Th1 and Th2 cells
among CD4� T cells, respectively (5–8). In comparison with
healthy subjects, recent studies showed that AD patients had a
higher percentage of CCR4� cells and a lower percentage of
CXCR3� cells in the CD4� T cells found in peripheral blood and
lesional skin (9–11).

The skin of AD patients exhibits a striking susceptibility to col-
onization and infection with Staphylococcus aureus, which can
secrete exotoxins including staphylococcal enterotoxin A, B
(SEB), and C and toxic shock syndrome toxin-1. These exotoxins
have superantigenic activity. They may penetrate the skin barrier
and contribute to the persistence and exacerbation of allergic skin
inflammation in AD through the stimulation of T cells bearing the
specific variable region of �-chain of TCR (TCRV�). This leads to
the local expansion of staphylococcal superantigen (SsAg)-reac-
tive T cells (12–15). In addition, these exotoxins may play the role
of allergens and thus may induce the production of functionally
relevant specific IgE Abs (16–20).

SEB is the most common SsAg on the skin of AD patients,
which can stimulate human T cells bearing TCRV�3, 12, 14, 15,
17, or 20 (21). SEB stimulation results in sequential T cell acti-
vation, proliferation, Fas expression, cytokine secretion, and is
subsequently followed by apoptosis in a dose- and time-dependent
manner (22). Comparing AD patients with healthy subjects, in the
culture supernatants of PBMC with SEB stimulation, AD patients
produced more Th2 cytokines, such as IL-4 and IL-5, and less Th1
cytokines, such as IFN-� (23–25).

Activation-induced apoptosis of T cells provides a mechanism
for the deletion of Ag-activated T cells, thereby leading to the
resolution of inflammation and playing an important role in main-
taining homeostasis of the immune response (26). Recent studies
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conducted with polarized T cell lines or long-term T cell clones
indicated that Th2 cells are more resistant to activation-induced
apoptosis than Th1 cells (27–31). In addition, it was shown that
IL-4 can inhibit activation-induced apoptosis of murine T cells (32,
33).

The mechanism that SsAgs contribute to the persistence and
exacerbation of allergic skin inflammation in AD has been clarified
only partially (34). The aims of this study were to determine
whether there are differences between AD patients and healthy
subjects in SEB-induced activation, cytokine production, chemo-
kine receptor expression, and apoptosis of peripheral blood SEB-
reactive CD4� T cells. We also observed whether there is a dif-
ference between peripheral blood CXCR3�CD4� and
CCR4�CD4� T cells from healthy subjects in the susceptibility to
SEB-induced apoptosis. Furthermore, we investigated the effect of
exogenously added IL-4 on SEB-induced apoptosis of peripheral
blood SEB-reactive CD4� T cells, CXCR3�CD4� T cells, and
CCR4�CD4� T cells from healthy subjects. We also investigated
the effect of inhibition of endogenous IL-4 by using anti-IL-4-
neutralizing Abs on SEB-induced apoptosis of peripheral blood
SEB-reactive CD4� T cells from AD patients. These may provide
some new clues to the mechanism that SsAgs contribute to the
persistence and exacerbation of allergic skin inflammation in AD.

Materials and Methods
Subjects

We undertook a cross-sectional study of 27 AD patients and 15 nonatopic
healthy subjects. The AD patients were made up of 15 males and 12 fe-
males with a mean age of 16.2 years and they fulfilled the diagnostic
criteria of Hanifin and Rajka (35). The diagnosis of AD required the pres-
ence of at least three of the following basic features: 1) pruritus, 2) typical
morphology and distribution of skin lesions (flexural lichenification or ex-
tensor involvement), 3) chronic or chronically relapsing dermatitis, and 4)
personal or family history of atopy (asthma, allergic rhinitis, or AD). All of
the AD patients in this study were identified by AD specialists and re-
cruited from AD special clinics. The healthy subjects were made up of 8
males and 7 females with a mean age of 20.7 years. The study was ap-
proved by the ethics committee at the National Taiwan University Hospital,
and informed consent was obtained from all subjects or their parents.

Abs and reagents

CyChrome-conjugated anti-CD4, PE-conjugated anti-CXCR3, and PE-
conjugated anti-CCR4 mAbs (BD PharMingen, San Diego, CA) were used
for staining cells expressing the respective surface Ag. FITC-conjugated
anti-TCRV�3, FITC-conjugated anti-TCRV�12, and FITC-conjugated anti-
TCRV�17 mAbs (Immunotech, Marseille, France) were used for staining
SEB-reactive cells. PE-conjugated anti-CD69 mAbs (BD PharMingen)
were used for staining activated cells. PE-conjugated anti-IFN-� and PE-
conjugated anti-IL-4 mAbs (BD PharMingen) were used for staining in-
tracellular cytokines. PE-conjugated annexin V and FITC-conjugated an-
nexin V (BD PharMingen) were used for staining apoptotic cells based on
the binding of annexin V to phosphatidylserine exposed on the cell surface.
Unreactive isotype-matched mAbs were used as controls for background
staining to determine the positive and negative populations of the cells.
SEB (Sigma-Aldrich, St. Louis, MO) was used to stimulate PBMC. Mo-
nensin (Sigma-Aldrich) was used to inhibit cytokine secretion. Saponin
(Sigma-Aldrich) was used to make the membrane permeable so that the
Abs could penetrate the intracellular region. The culture medium consisted
of RPMI 1640 (HyClone Laboratories, Logan, UT) supplemented with 2
mM glutamine, 100 �g/ml streptomycin, 100 IU/ml penicillin, 10 mM
HEPES, and 10% FBS. The annexin V binding buffer (BD PharMingen)
consisted of 10 mM HEPES/NaOH (pH 7.4), 140 mM NaCl, and 2.5 mM
CaCl2.

Determination of serum total IgE and SEB-specific IgE levels

Serum total IgE and SEB-specific IgE levels were measured by the use of
AlaSTAT kits (DPC Biermann, Bad Nauheim, Germany), which is a liq-
uid-phase enzyme immunoassay.

Cell cultures and stimulation

PBMC were isolated from heparinized whole blood by Ficoll-Hypaque
(Pharmacia Biotech, Uppsala, Sweden) density gradient centrifugation.
PBMC (2�106 cells/ml) from AD patients and healthy subjects were cul-
tured with or without SEB (1 �g/ml) stimulation for 12 and 24 h (37°C/5%
CO2) in 24-well plates. To demonstrate the effect of exogenously added
IL-4 on SEB-induced apoptosis, PBMC from healthy subjects were cul-
tured with or without SEB (1 �g/ml) stimulation for 12 and 24 h in the
presence or absence of human rIL-4 (10 ng/ml; PeproTech, London, U.K.).
To demonstrate the effect of inhibition of endogenous IL-4 on SEB-in-
duced apoptosis, PBMC from AD patients were cultured with or without
SEB (1 �g/ml) stimulation for 12 and 24 h in the presence of anti-human
IL-4 neutralizing Abs (20 �g/ml; R&D Systems, Minneapolis, MN), which
can inhibit endogenous IL-4, or in the presence of isotype-matched control
Abs (20 �g/ml) (R&D Systems). The optimal duration of the culture and
the optimal concentrations of SEB, rIL-4, and anti-IL-4-neutralizing Abs
and control Abs were predetermined according to the results of preliminary
kinetic and titrating experiments (data not shown).

Detection of activation marker CD69 expression on
SEB-reactive CD4� T cells

In PBMC cultured with or without SEB stimulation for 12 h, the activation
marker CD69 expression on SEB-reactive (TCRV�3� or V�12� or
V�17�) CD4� T cells was detected. PBMC were stained with CyChrome-
conjugated anti-CD4, FITC-conjugated anti-TCRV�3, FITC-conjugated
anti-TCRV�12, FITC-conjugated anti-TCRV�17, and PE-conjugated
anti-CD69 mAbs at 4°C for 30 min.

Detection of intracellular Th1 and Th2 cytokine production in
SEB-reactive CD4� T cells

In PBMC cultured with or without SEB stimulation for 12 h in the presence
of 10 �g/ml monensin, intracellular IFN-� (Th1 cytokine) and IL-4 (Th2
cytokine) of SEB-reactive (TCRV�3� or V�12� or V�17�) CD4� T cells
were detected. PBMC were stained with CyChrome-conjugated anti-CD4,
FITC-conjugated anti-TCRV�3, FITC-conjugated anti-TCRV�12, and
FITC-conjugated anti-TCRV�17 mAbs at 4°C for 30 min. Then the cells
were fixed with 4% paraformaldehyde (Sigma-Aldrich) in PBS at 24°C for
20 min, were made permeable with 0.5% saponin and 1% FBS in PBS at
24°C for 10 min, and were stained intracellularly with PE-conjugated anti-
IFN-� or PE-conjugated anti-IL-4 mAbs at 4°C for 30 min.

Detection of CXCR3 and CCR4 expression on SEB-reactive
CD4� T cells

In PBMC cultured with or without SEB stimulation for 12 h, CXCR3 and
CCR4 expression on SEB-reactive (TCRV�3� or V�12� or V�17�)
CD4� T cells were detected. PBMC were stained with CyChrome-conju-
gated anti-CD4, FITC-conjugated anti-TCRV�3, FITC-conjugated anti-
TCRV�12, FITC-conjugated anti-TCRV�17, and either PE-conjugated anti-
CXCR3 or PE-conjugated anti-CCR4 mAbs at 4°C for 30 min.

Detection of apoptosis of SEB-reactive CD4� T cells

In PBMC cultured with or without SEB stimulation for 12 and 24 h in the
presence or absence of rIL-4 or anti-IL-4-neutralizing Abs, apoptosis of
SEB-reactive (TCRV�3� or V�12� or V�17�) CD4� T cells was de-
tected. PBMC were stained with CyChrome-conjugated anti-CD4, FITC-
conjugated anti-TCRV�3, FITC-conjugated anti-TCRV�12, and FITC-
conjugated anti-TCRV�17 mAbs at 4°C for 30 min. Then the cells were
resuspended in the annexin V binding buffer and stained with PE-conju-
gated annexin V at 24°C for 15 min.

Detection of apoptosis of CXCR3�CD4� or CCR4�CD4� T cells

In PBMC from healthy subjects that were cultured with or without SEB
stimulation for 12 and 24 h in the presence or absence of rIL-4, apoptosis
of CXCR3�CD4� or CCR4�CD4� T cells was detected. PBMC were
stained with CyChrome-conjugated anti-CD4 and either PE-conjugated anti-
CXCR3 or PE-conjugated anti-CCR4 mAbs at 4°C for 30 min. Then the
cells were resuspended in the annexin V binding buffer and stained with
FITC-conjugated annexin V at 24°C for 15 min.

Flow cytometric analysis

Three-color immunofluorescence analysis was performed. For each sam-
ple, 100,000 cells were acquired and analyzed by a FACScan flow cytom-
eter (BD PharMingen) equipped with CellQuest software. CD4� T cells
were gated for analysis. Quadrants of dot plots were set according to the
staining of isotype-matched control mAbs.
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Statistical analysis

Data are presented as means � SEM of the percentages of respective sub-
populations. The Mann-Whitney U test was used to compare variables
between AD patients and healthy subjects. The Wilcoxon signed rank test
was used to compare variables between cells from the same group of sub-
jects. The STATA 7.0 statistical software (Stata, College Station, TX) was
used for statistical analysis. A value of p � 0.05 was considered to be
statistically significant.

Results
Higher serum total IgE and SEB-specific IgE levels in AD

The total serum IgE levels in AD patients were significantly higher
than those in healthy subjects (median and range, 863 and 41–
6950 kilounit (KU)/L vs 42 and 8–171 KU/L, p � 0.008). Serum
SEB-specific IgE levels in AD patients were significantly higher
than those in healthy subjects (median and range, 4.16 and 0.24–
39.2 KU/L vs 0 and 0–0.85 KU/L, p � 0.013).

The effect of SEB stimulation on the percentages of SEB-
reactive cells in CD4� T cells is very similar in AD and healthy
subjects

In both AD and healthy subjects, SEB stimulation for 12 and 24 h
significantly increased the percentages of SEB-reactive
(TCRV�3� or V�12� or V�17�) cells in peripheral blood CD4�

T cells (all p � 0.05). Meanwhile, there was no significant differ-
ence between AD and healthy subjects in the effect of SEB stim-
ulation for 12 and 24 h on the percentages of SEB-reactive cells in
CD4� T cells ( p � 0.825 for 12 h, p � 0.192 for 24 h; Fig. 1).

SEB-induced activation of SEB-reactive CD4� T cells is very
similar in AD and healthy subjects

In both AD and healthy subjects, SEB stimulation for 12 h signif-
icantly increased the percentages of activated (CD69�) cells in
peripheral blood SEB-reactive (TCRV�3� or V�12� or V�17�)
CD4� T cells (both p � 0.05). Meanwhile, there was no significant
difference between AD and healthy subjects in SEB-induced acti-
vation of SEB-reactive CD4� T cells ( p � 0.713; Fig. 2).

SEB preferentially induced production of Th1 cytokine in SEB-
reactive CD4� T cells from healthy subjects and Th2 cytokine
in those from AD patients

Without SEB stimulation, no intracellular IFN-� (Th1 cytokine) or
IL-4 (Th2 cytokine) was detectable in peripheral blood SEB-reac-

tive (TCRV�3� or V�12� or V�17�) CD4� T cells from AD or
healthy subjects. In both AD and healthy subjects, SEB stimulation
for 12 h significantly increased the percentages of IFN-�� cells
and IL-4� cells in SEB-reactive CD4� T cells (all p � 0.05).
SEB-induced increase of the percentages of IFN-�� cells in SEB-

FIGURE 3. SEB-induced production of IFN-� and IL-4 in peripheral
blood SEB-reactive CD4� T cells from AD patients and healthy subjects.
PBMC were cultured with or without SEB (1 �g/ml) stimulation for 12 h.
A, The means � SEM of the percentages of IFN-�� or IL-4� cells in
SEB-reactive (TCRV�3� or V�12� or V�17�) CD4� T cells. B, Repre-
sentative dot plots by gating on CD4� T cells. The percentages of IFN-��

or IL-4� cells in SEB-reactive (TCRV�3� or V�12� or V�17�) CD4� T
cells are indicated. �, p value for comparison of AD patients with healthy
subjects for the difference between the cell percentages with and without
SEB stimulation.

FIGURE 1. Effect of SEB stimulation on the percentages of SEB-reac-
tive cells in peripheral blood CD4� T cells from AD patients and healthy
subjects. PBMC were cultured with or without SEB (1 �g/ml) stimulation
for 12 and 24 h. Data represent the means � SEM of the percentages of
SEB-reactive (TCRV�3� or V�12� or V�17�) cells in CD4� T cells. �,
p value for comparison of AD patients with healthy subjects for the dif-
ference between the cell percentages with and without SEB stimulation.

FIGURE 2. SEB-induced activation of peripheral blood SEB-reactive
CD4� T cells from AD patients and healthy subjects. PBMC were cultured
with or without SEB (1 �g/ml) stimulation for 12 h. Data represent the
means � SEM of the percentages of activated (CD69�) cells in SEB-
reactive (TCRV�3� or V�12� or V�17�) CD4� T cells. �, p value for
comparison of AD patients with healthy subjects for the difference between
the cell percentages with and without SEB stimulation.
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reactive CD4� T cells in healthy subjects was significantly greater
than that in AD patients ( p � 0.014). In contrast, the SEB-induced
increase of the percentages of IL-4� cells in SEB-reactive CD4�

T cells in AD patients was significantly greater than that in healthy
subjects ( p � 0.012; Fig. 3).

SEB induced up-regulation of CXCR3� cells in SEB-reactive
CD4� T cells from healthy subjects and CCR4� cells in those
from AD patients

In peripheral blood SEB-reactive (TCRV�3� or V�12� or
V�17�) CD4� T cells without SEB stimulation, AD patients had
significantly higher percentages of CCR4� cells and lower per-
centages of CXCR3� cells than healthy subjects (both p � 0.05).
SEB stimulation for 12 h significantly increased the percentages of
CCR4� cells and decreased the percentages of CXCR3� cells in
SEB-reactive CD4� T cells from AD patients (both p � 0.05). In
contrast, SEB stimulation for 12 h significantly increased the per-
centages of CXCR3� cells and decreased the percentages of
CCR4� cells in SEB-reactive CD4� T cells from healthy subjects
(both p � 0.05). There were significant differences between AD
and healthy subjects in the effects of SEB stimulation on the per-
centages of CXCR3� cells ( p � 0.005) and CCR4� cells ( p �
0.006) in SEB-reactive CD4� T cells (Fig. 4).

SEB-reactive CD4� T cells from AD patients were more
resistant to SEB-induced apoptosis than those from healthy
subjects

In peripheral blood SEB-reactive (TCRV�3� or V�12� or
V�17�) CD4� T cells cultured for 24 h without SEB stimulation,

AD patients had significantly lower percentages of spontaneous
apoptotic cells than healthy subjects (3.5% � 0.4% vs 6.4% � 1%,
p � 0.05). In both AD and healthy subjects, SEB stimulation for
24 h significantly increased the percentages of apoptotic cells in
SEB-reactive CD4� T cells (both p � 0.05). AD patients had a sig-
nificantly lower “percentage of SEB-induced apoptotic cells in SEB-
reactive CD4� T cells” than healthy subjects ( p � 0.001), which is
defined as the SEB-induced increase of the percentage of apoptotic
cells and is determined by subtracting the percentage of apoptotic
cells without SEB stimulation from the percentage of apoptotic cells
with SEB stimulation (Fig. 5).

Exogenously added IL-4 inhibited SEB-induced apoptosis of
SEB-reactive CD4� T cells from healthy subjects

In peripheral blood SEB-reactive (TCRV�3� or V�12� or
V�17�) CD4� T cells from healthy subjects that were cultured for
24 h without SEB stimulation, there was no significant difference
in the percentages of spontaneous apoptotic cells between those in
the presence of rIL-4 and those in the absence of rIL-4 (4.7% �
0.7% vs 6.4% � 1%). In the presence or absence of rIL-4, SEB
stimulation for 24 h significantly increased the percentages of apo-
ptotic cells in SEB-reactive CD4� T cells from healthy subjects
(both p � 0.05). The addition of rIL-4 to SEB-stimulated cells
from healthy subjects for 24 h significantly reduced the percent-
ages of SEB-induced apoptotic cells in SEB-reactive CD4� T cells

FIGURE 4. Effect of SEB stimulation on CXCR3 and CCR4 expression
on peripheral blood SEB-reactive CD4� T cells from AD patients and
healthy subjects. PBMC were cultured with or without SEB (1 �g/ml)
stimulation for 12 h. A, The means � SEM of the percentages of CXCR3�

or CCR4� cells in SEB-reactive (TCRV�3� or V�12� or V�17�) CD4�

T cells. B, Representative dot plots by gating on CD4� T cells. The per-
centages of CXCR3� or CCR4� cells in SEB-reactive (TCRV�3� or
V�12� or V�17�) CD4� T cells are indicated. �, p value for comparison
of AD patients with healthy subjects for the difference between the cell
percentages with and without SEB stimulation.

FIGURE 5. SEB-induced apoptosis of peripheral blood SEB-reactive
CD4� T cells from AD patients and healthy subjects and the effect of
exogenously added IL-4 on SEB-induced apoptosis of these cells from
healthy subjects. PBMC were cultured with or without SEB (1 �g/ml)
stimulation for 12 and 24 h in the presence or absence of rIL-4 (10 ng/ml).
A, Representative dot plots by gating on CD4� T cells cultured for 24 h.
The percentages of apoptotic cells determined by annexin V staining in
SEB-reactive (TCRV�3� or V�12� or V�17�) CD4� T cells are indi-
cated. B, Time kinetics of SEB-induced apoptosis. Data represent the
means � SEM of “the percentage of SEB-induced apoptotic cells in SEB-
reactive (TCRV�3� or V�12� or V�17�) CD4� T cells,” which is de-
termined by subtracting the percentage of apoptotic cells without SEB
stimulation from the percentage of apoptotic cells with SEB stimulation. �,
p value for comparison of two groups for the percentages of SEB-induced
apoptotic cells.
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( p � 0.028). In SEB-reactive CD4� T cells with SEB stimulation
for 24 h, there was no significant difference in the percentages of
SEB-induced apoptotic cells between those from healthy subjects
in the presence of rIL-4 and those from AD patients ( p � 0.805;
Fig. 5).

Inhibition of endogenous IL-4 increased SEB-induced apoptosis
of SEB-reactive CD4� T cells from AD patients

In peripheral blood SEB-reactive (TCRV�3� or V�12� or
V�17�) CD4� T cells from AD patients that were cultured for
24 h without SEB stimulation, there was no significant difference
in the percentages of spontaneous apoptotic cells among those in
the presence of anti-IL-4-neutralizing Abs, those in the presence of
control Abs, and those in the absence of any added Abs (5.9% �
1.1% vs 4.9% � 1.3% vs 4.2% � 0.9%). In all three groups of
cells, SEB stimulation for 24 h significantly increased the percent-
ages of apoptotic cells (all p � 0.05). The addition of anti-IL-4-
neutralizing Abs, which can inhibit endogenous IL-4, to SEB-stim-
ulated cells from AD patients for 24 h significantly increased the
percentages of SEB-induced apoptotic cells in SEB-reactive CD4�

T cells ( p � 0.0002 compared with the addition of control Abs,
p � 0.001 compared with no addition of any Abs). In SEB-reactive
CD4� T cells from AD patients with SEB stimulation for 24 h,
there was no significant difference in the percentages of SEB-in-
duced apoptotic cells between those in the presence of control Abs
and those in the absence of any added Abs ( p � 0.455; Fig. 6).

CXCR3� CD4� T cells were more susceptible to SEB-induced
apoptosis than CCR4�CD4� T cells in healthy subjects

There was no significant difference in the percentages of sponta-
neous apoptotic cells between peripheral blood CXCR3�CD4�

and CCR4�CD4� T cells from healthy subjects that were cultured
for 24 h without SEB stimulation (12.5% � 1.4% vs 10.6% �
0.9%). In both CXCR3�CD4� and CCR4�CD4� T cells from
healthy subjects, SEB stimulation for 24 h significantly increased
the percentages of apoptotic cells (both p � 0.05). The percentages
of SEB-induced apoptotic cells in CXCR3�CD4� T cells were
significantly higher than those in CCR4�CD4� T cells in healthy
subjects ( p � 0.028; Fig. 7).

Exogenously added IL-4 inhibited SEB-induced apoptosis of
CXCR3�CD4� T cells but not of CCR4�CD4� T cells in
healthy subjects

In peripheral blood CD4� T cells from healthy subjects that were
cultured for 24 h without SEB stimulation, there was no significant
difference in the percentages of spontaneous apoptotic cells among
CXCR3�CD4� T cells in the absence of rIL-4, CXCR3�CD4� T
cells in the presence of rIL-4, CCR4�CD4� T cells in the absence
of rIL-4, and CCR4�CD4� T cells in the presence of rIL-4 (12.5%
� 1.4% vs 11.6% � 0.6% vs 10.6% � 0.9% vs 10.2% � 1.3%).
In all four groups of cells, SEB stimulation for 24 h significantly
increased the percentages of apoptotic cells (all p � 0.05). The
addition of rIL-4 to SEB-stimulated cells from healthy subjects for

FIGURE 6. The effect of inhibition of endogenous IL-4 on SEB-in-
duced apoptosis of peripheral blood SEB-reactive CD4� T cells from AD
patients. PBMC were cultured with or without SEB (1 �g/ml) stimulation
for 12 and 24 h in the presence of anti-IL-4-neutralizing Abs (20 �g/ml),
in the presence of control Abs (20 �g/ml), or in the absence of any added
Abs. A, Representative dot plots by gating on CD4� T cells cultured for
24 h. The percentages of apoptotic cells determined by annexin V staining
in SEB-reactive (TCRV�3� or V�12� or V�17�) CD4� T cells are in-
dicated. B, Time kinetics of SEB-induced apoptosis. Data represent the
means � SEM of “the percentage of SEB-induced apoptotic cells in SEB-
reactive (TCRV�3� or V�12� or V�17�) CD4� T cells,” which is de-
termined by subtracting the percentage of apoptotic cells without SEB
stimulation from the percentage of apoptotic cells with SEB stimulation. �,
p value for comparison of two groups for the percentages of SEB-induced
apoptotic cells.

FIGURE 7. SEB-induced apoptosis and the effect of exogenously added
IL-4 on SEB-induced apoptosis of peripheral blood CXCR3� CD4� or
CCR4� CD4� T cells from healthy subjects. PBMC were cultured with or
without SEB (1 �g/ml) stimulation for 12 and 24 h in the presence or
absence of rIL-4 (10 ng/ml). A, Representative dot plots by gating on
CD4� T cells cultured for 24 h. The percentages of apoptotic cells deter-
mined by annexin V staining in CXCR3�CD4� or CCR4�CD4� T cells
are indicated. B, Time kinetics of SEB-induced apoptosis. Data represent
the means � SEM of “the percentage of SEB-induced apoptotic cells in
CXCR3�CD4� or CCR4�CD4� T cells,” which is determined by sub-
tracting the percentage of apoptotic cells without SEB stimulation from the
percentage of apoptotic cells with SEB stimulation. �, p value for com-
parison of two groups for the percentages of SEB-induced apoptotic cells.
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24 h significantly reduced the percentages of SEB-induced apo-
ptotic cells in CXCR3�CD4� T cells ( p � 0.046) but not in
CCR4�CD4� T cells ( p � 0.225). In CD4� T cells from healthy
subjects with SEB stimulation for 24 h in the presence of rIL-4,
there was no significant difference in the percentages of SEB-in-
duced apoptotic cells between CXCR3�CD4� and CCR4�CD4�

T cells ( p � 0.080; Fig. 7).

Discussion
This study showed that AD patients and healthy subjects differed
markedly in SEB-induced cytokine production, chemokine recep-
tor expression, and apoptosis of peripheral blood SEB-reactive
CD4� T cells. However, there was no significant difference be-
tween AD patients and healthy subjects in the effect of SEB stim-
ulation on the percentages of SEB-reactive cells in CD4� T cells
and SEB-induced activation of SEB-reactive CD4� T cells.

Our results indicated that SEB stimulation significantly in-
creased the percentages of SEB-reactive cells in peripheral blood
CD4� T cells and significantly activated SEB-reactive CD4� T
cells in both AD and healthy subjects. Meanwhile, there was no
significant difference between AD and healthy subjects in the ef-
fect of SEB stimulation on the percentages of SEB-reactive cells in
CD4� T cells and SEB-induced activation of SEB-reactive CD4�

T cells (Figs. 1 and 2). In addition, previous studies showed that
the application of SEB on intact skin induced local up-regulation
of SEB-reactive T cells and dermatitis in both AD patients and
healthy subjects (15, 36). These findings suggest that both the pro-
liferative and activation response of CD4� T cells to SEB stimu-
lation are similar in AD patients and healthy subjects.

In this study, intracellular cytokine staining was used to detect
cytokine production at the single-cell level. We found that SEB
preferentially induced production of IFN-� (Th1 cytokine) in pe-
ripheral blood SEB-reactive CD4� T cells from healthy subjects
and IL-4 (Th2 cytokine) in those from AD patients (Fig. 3). These
results are compatible with previous reports in that cytokine pro-
duction was detected by the measurement of cytokine levels in the
cell culture supernatants (23–25). Moreover, this study and previ-
ous reports revealed that serum SEB-specific IgE levels in AD
patients were significantly higher than those in healthy subjects
(16–20). With regard to chemokine receptor expression, this study
showed that AD patients had significantly higher percentages of
CCR4� cells and lower percentages of CXCR3� cells than healthy
subjects in SEB-reactive CD4� T cells without SEB stimulation.
Furthermore, SEB induced up-regulation of CXCR3� cells in
SEB-reactive CD4� T cells from healthy subjects and CCR4�

cells in those from AD patients (Fig. 4). These findings suggest
that SEB preferentially induces a Th1 immune response in healthy
subjects and a Th2 immune response in AD patients.

This study showed that SEB induced apoptosis of peripheral
blood SEB-reactive CD4� T cells in both AD and healthy subjects.
It also induced apoptosis of both CXCR3�CD4� and
CCR4�CD4� T cells from healthy subjects. However, SEB-reac-
tive CD4� T cells from AD patients were more resistant to spon-
taneous apoptosis and SEB-induced apoptosis than those from
healthy subjects (Fig. 5). Because it is difficult to detect intracel-
lular cytokines and apoptosis simultaneously in the same single
cell, we used CXCR3 and CCR4 as the surface markers for iden-
tification of Th1 and Th2 cells among CD4� T cells, respectively,
as suggested by previous reports (5–8). We found that
CXCR3�CD4� T cells were more susceptible to SEB-induced apo-
ptosis than CCR4�CD4� T cells in healthy subjects although they
had a similar susceptibility to spontaneous apoptosis (Fig. 7). This
might imply that Th2 cells are more resistant to SEB-induced ap-
optosis than Th1 cells in the subjects with normal cytokine bal-

ances. Previous studies indicating that Th2 cells are more resistant
to activation-induced apoptosis than Th1 cells were conducted ei-
ther with polarized T cell lines or with long-term T cell clones
(27–31). Our study is the first one to demonstrate the susceptibility
to activation-induced apoptosis of T cells in human disease. In
addition, the fact of using freshly isolated lymphocytes in our
study rules out that in vitro manipulations, such as selection due to
multiple restimulation (27–30) or the use of exogenous factors for
polarizing cells toward specific cytokine profiles (31), may modify
the susceptibility of cells to proapoptotic stimuli.

This study demonstrated that exogenously added IL-4 inhibited
SEB-induced apoptosis of peripheral blood SEB-reactive CD4� T
cells from healthy subjects although it had no effect on the spon-
taneous apoptosis of these cells (Fig. 5). This result is compatible
with previous reports indicating IL-4 can inhibit SsAg-induced
apoptosis of murine T cells (32, 33). In addition, this study showed
that inhibition of endogenous IL-4 by using anti-IL-4-neutralizing
Abs increased SEB-induced apoptosis of SEB-reactive CD4� T
cells from AD patients, although it had no effect on the spontane-
ous apoptosis of these cells (Fig. 6). This result suggests that en-
dogenous IL-4 can inhibit SEB-induced apoptosis of SEB-reactive
CD4� T cells from AD patients. These findings imply that CD4�

T cells from AD patients following SEB stimulation produced
more IL-4, which can inhibit SEB-induced apoptosis, than those
from healthy subjects was a partial reason why CD4� T cells from
AD patients were more resistant to SEB-induced apoptosis than
those from healthy subjects. Moreover, our study showed that ex-
ogenously added IL-4 inhibited SEB-induced apoptosis of
CXCR3� CD4� T cells but not of CCR4� CD4� T cells in
healthy subjects although it had no effect on the spontaneous apo-
ptosis of these cells. CXCR3�CD4� and CCR4�CD4� T cells
from healthy subjects had a similar susceptibility to SEB-induced
apoptosis in the presence of exogenously added IL-4 (Fig. 7).
These are new findings that have never been reported. To clarify
whether it implies that IL-4 inhibits SEB-induced apoptosis of Th1
cells but not of Th2 cells would require further study. The low
susceptibility to SEB-induced apoptosis of CCR4�CD4� T cells
in the absence of exogenously added IL-4 was a possible reason
why the inhibitory effect of exogenously added IL-4 on SEB-in-
duced apoptosis was not significant in these cells.

The results of this study suggest a potential mechanism that
SsAgs contribute to the persistence and exacerbation of allergic
skin inflammation in AD as in the following cases. SsAg stimu-
lation of skin T cells in AD patients induces a Th2 immune re-
sponse, including the up-regulation of IL-4-producing cells and
CCR4-expressing cells. The intrinsic property of Th2 cells and/or
intralesional cytokine microenvironment such as the presence of
IL-4 may lead to the inhibition of SsAg-induced apoptosis of skin
T cells in AD patients. This may impair deletion of intralesional
SsAg-activated T cells and resolution of allergic skin inflammation
after SsAg stimulation. The injured skin barrier results in further
penetration of SsAgs. Long-term exposure of skin T cells to SsAgs
in AD patients may lead to preferential loss of Th1 cells and the
predominance of more long-lived Th2 cells. The “vicious circle”
continues as long as SsAgs are present in the skin. On the other
hand, SsAg stimulation of skin T cells through the injured skin
barrier induces a Th1 immune response in healthy subjects. Rapid
SsAg-induced apoptosis of skin Th1 cells in healthy subjects re-
sults in an adequate resolution of the immune response after SsAg
stimulation. Therefore, this may imply that SsAgs can “induce”
AD in the subjects with a genetic predisposition to atopy, but they
cannot induce AD in those without this predisposition.

In contrast to the major role of CD4� T cells in allergic skin
inflammation of AD, the minor role of CD8� T cells in AD is
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implied (1). There was limited evidence for involvement of CD8�

T cells in AD. It has been shown that SEB stimulation induced
production of Th2-like cytokines such as IL-4, IL-5, and IL-13, but
not of IFN-�, in both CD4� and CD8� T cells isolated from le-
sional skin of AD patients (37), which suggests that CD8� T cells
have more than bystander functions in AD. In the future, we will
conduct further study to clarify the role of CD8� T cells in the
mechanism that SsAgs contribute to the persistence and exacerba-
tion of allergic skin inflammation in AD.

In conclusion, this study demonstrated that SEB preferentially
induced production of Th1 cytokine in peripheral blood SEB-re-
active CD4� T cells from healthy subjects and Th2 cytokine in
those from AD patients. SEB induced up-regulation of CXCR3�

cells in SEB-reactive CD4� T cells from healthy subjects and
CCR4� cells in those from AD patients. SEB-reactive CD4� T
cells from AD patients were more resistant to SEB-induced apo-
ptosis than those from healthy subjects. However, there was no
significant difference between AD patients and healthy subjects in
SEB-induced activation of SEB-reactive CD4� T cells. Further-
more, CXCR3�CD4� T cells were more susceptible to SEB-in-
duced apoptosis than CCR4�CD4� T cells in healthy subjects.
This study also showed that exogenously added IL-4 inhibited
SEB-induced apoptosis of SEB-reactive CD4� T cells and
CXCR3�CD4� T cells but not of CCR4�CD4� T cells in healthy
subjects. Inhibition of endogenous IL-4 by using anti-IL-4-neutraliz-
ing Abs increased SEB-induced apoptosis of SEB-reactive CD4� T
cells from AD patients. These results provide further understanding of
the mechanism that SsAgs contribute to the persistence and exacer-
bation of allergic skin inflammation in AD, which is important for
exploring the specific therapy and prevention of AD.
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