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Summary

Background Heavy colonization of atopic dermatitis (AD) withStaphylococcus aureusis
well documented. This phenomenon suggests thatS. aureusin AD lesions influences the
disease processes of AD.
Objective We describe the importance of the presence ofS. aureusand staphylococcal
enterotoxins A and B (SEA, SEB) in AD lesions.
Methods We investigated the colonizing features ofS. aureusin AD lesions using electron
microscopy, the distribution of SEB in the eczematous skin of AD using immunofluores-
cence, the effects of SEA and SEB on normal human epidermal keratinocytes in organ
culture, and the presence of specific IgE antibodies to SEA and/or SEB in serum of AD
patients by enzyme immunoassay.
Results S. aureusin AD lesions colonized on and in the horny layers of the eczematous
skin. SEB produced byS. aureuswas distributed mainly on the dermal-infiltrated cells,
especially on eosinophils. SEA and SEB stimulated expression of ICAM-1 and HLA-DR in
normal human keratinocytes. More than half of the AD patients in the present study had
specific IgE antibodies to SEA and/or SEB in their serum.
Conclusion S. aureusand SEs have important roles in the exacerbation and prolongation
of AD.
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Introduction

Atopic dermatitis (AD) is a chronic inflammatory skin
disease with a tendency for exacerbation and remission
over time. The clinical course of AD is influenced by a
number of environmental factors including colonization of
the skin with Staphylococcus aureus.Heavy colonization
with S. aureusof AD lesions is well documented [1–5].
S. aureusstrains isolated from AD subjects release super-
antigens such as staphylococcal enterotoxin A and B (SEA,
SEB), and toxic shock syndrome toxin-1 (TSST-1) [6–8].

S. aureusand staphylococcal superantigens can contribute
to the inflammation of AD by causing continued T-cell
activation and release of pro-inflammatory mediators [9,10].
SEB induces inflammatory reactions following application
to intact skin of normal and atopic subjects [11]. Although
S. aureuscolonization on AD lesions can be eliminated to
some degree after treatment with a combination of topical
corticosteroid and antibiotic therapies or a very potent
corticosteroid alone [12,13], it is very difficult to completely
removeS. aureusfrom AD skin lesions using any thera-
peutic method. This phenomenon suggests thatS. aureusin
AD lesions may colonize not only on the surfaces of
eczematous lesions but in the intercellular spaces of the
epidermal horny layers, often forming biofilm [14] and,
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furthermore, thatS. aureusand staphylococcal toxins have
an important role in exacerbation and prolongation of AD.

The present study investigated the colonizing features of
S. aureuson and in eczematous lesions, the distribution of
SEB in the eczematous skin of AD patients, and the effects
of SEA and SEB on the epidermal keratinocytes; further-
more, SEA- and SEB-specific IgE antibodies were detected
in the serum of AD patients.

Materials and methods

Patients

AD was diagnosed according to the criteria of Hanifin and
Rajka [15] and of the Japanese Dermatological Association
[16]. Patients with mild to severe AD were selected in this
study (n¼ 149). The patients included 66 males and 83
females (mean age 21.46 9.7 years, range: 1–73). The
severity of dermatitis over the whole body was assessed
according to the criteria of Rajka [17] (36 patients with mild
AD, 64 with moderate AD and 40 with severe AD).

Serum samples were obtained from all patients for
analysis of specific IgE against SEA, SEB, anda-toxin,
and from 134 out of 149 patients for analysis of total serum
IgE. None of these patients had a history of deep-seated
S. aureusskin infections. Control serum samples were
obtained from skin-diseased patients (control 2; five males
and 12 females, mean age 36.86 14.8 years) with eczema-
tous lesions without atopic disorders. Furthermore, as a
normal control group (control 1), 11 serum samples were
obtained from healthy subjects (three males and eight
females, mean age 26.96 7.3 years).

Specific IgE antibodies against SEA, SEB, anda-toxin
were measured using the AlaSTAT kit (Nippon DPC
Corporation, Chiba, Japan), a liquid-phase enzyme immu-
noassay for allergen-specific IgE antibody determination
[18]. The specific IgE is considered to be positive when the
level is greater than 0.35 IU/mL.

Statistical analysis was performed using the unpaired
t-test.

Samples

After informed consent was obtained from the patients,
biopsy specimens were taken from chronic eczematous
lesions of five AD patients. The specimens were divided
into two pieces for immunofluorescence and electron micro-
scopy, and one part of the former was snap-frozen in liquid
nitrogen and stored at¹708C until use.

Immunofluorescence

To confirm the distribution of SEB in the skin, double

immunofluorescence staining was performed with an anti-
eosinophil major basic protein (MBP) monoclonal antibody
(mAb) (Chemicon International Inc., Temecula, CA) or an
anti-CD1 mAb (DAKO, Glostrup, Denmark) and a poly-
clonal rabbit anti-SEB antibody (Ab) (Toxin Technology
Inc., Sarasota, FL, USA). Five-micrometre cryosections
were prepared and blocked with 10% control goat serum
in PBS for 1 h at room temperature (RT). After reaction
with the anti-MBP (1 : 1000) or the anti-CD1 mAb (1 : 20)
overnight at 48C, the samples were incubated with FITC-
conjugated antimouse IgG Ab (1 : 50, DAKO) for 1 h at
RT, with anti-SEB Ab (1 : 20) for 1 h RT and rhodamine-
conjugated antirabbit IgG Ab (1 : 40, DAKO) for 1 h at RT,
successively. During each step, the samples were rinsed
with three changes of PBS for 10 min each. For control
studies, nonimmunized mouse or rabbit serum was used
instead of the first antibody.

For double staining of IgE and SEB, a FITC-conjugated
anti-IgE Ab (1 : 50, ICN ImmunoBiologicals, Lisle, IL,
USA) was incubated as a first antibody, followed by SEB
staining as described above. As a control for the IgE
staining, a FITC-conjugated antimouse Ab was used.

Electron microscopy

Appropriate small tissues mentioned above were fixed with
2.5% glutaraldehyde for 2 h at 48C and post-fixed with 1%
osmium tetroxide for 3 h at 48C. For some specimens,
ruthenium red staining (0.05%) was performed to detect
glycocalyx produced byS. aureus. After dehydration in
ethanol series, they were embedded in Epon 812. Ultra-
thin sections were double-stained with uranyl acetate and
lead citrate, then examined with a JEM 100-SX electron
microscope.

Organ culture and immunohistochemistry

Normal human skin (0.3–0.5 mm thick) obtained from
plastic surgery was cut into small pieces of 5×5 mm.
These tissues were placed with their epidermal sides
upward on lens-papers floating on MEM (Gibco, Gland
Island, NY, USA) containing enterotoxins (SEA or SEB;
Toxin Technology) at a concentration of 10 ng/mL. These
were incubated at 378C for 2–24 h. After appropriate
incubation time, the tissues were snap-frozen in liquid
nitrogen, and then cryosections (5mm) were prepared. The
sections were air-dried, washed in PBS three times for
10 min each, and blocked for endogenous peroxidase activ-
ity with hydrogen peroxide (0.3%) for 20 min. They were
incubated with 5% bovine serum albumin in PBS (BSA/
PBS) for 10 min to block non-specific labelling. After these
pretreatments they were incubated with primary antibodies,
anti-HLA-DR mAb (1 : 200, Becton Dickinson, San Jose,
CA) or anti-ICAM-1 mAb (1 : 20, Becton Dickinson) for 1 h
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at RT. The sections were washed in PBS three times for
5 min, followed by 10-min incubation with biotinylated
antimouse immunoglobulin (DAKO Japan, Kyoto, Japan),
and further incubated with streptavidin conjugated to horse-
radish peroxidase (1 : 100) for 30 min. After washing in
PBS, the immune aggregates were visualized with a
0.02% diaminobenzidine solution. Incubation with BSA/
PBS instead of the primary antibodies was carried out as a
negative control. For another control, the tissue samples
were incubated without the enterotoxins.

Keratinocyte culture and detection of RANTES mRNA

Normal human epidermal keratinocytes were obtained as
primary culture from Biowhittaker (Walkerville, MD, USA)
and maintained in serum-free keratinocyte growth medium
(KGMTM; Biowhittaker). The cells were grown in 6-well
flat-bottomed culture plates to 70–80% confluency, then
were stimulated with SEB (500 ng/mL), IFN-g (25 U/mL),
or tumour necrosis factor-a (TNF-a; 10 mg/mL) for 18 h
with 5% CO2 in air at 378C. Next, normal human epidermal
keratinocytes were incubated with 25 U/mL of IFN-g for
48 h. The cells were washed with PBS, then medium was
replaced with fresh KGM containing either no stimulants or
SEB (500 ng/mL) for 18 h. The cells after stimulation were
placed in a solution containing phenol and guanidium
isothiocyanate (TRIzolTM Reagent; Life Technologies,
Gaithersburg, MD, USA). After addition of chloroform,
the mixture was homogenized, centrifuged, and the aqueous
phase was recovered. RNA was precipitated by adding
isopropyl alcohol, then the precipitate was vacuum-dried.
After dissolving in H2O, 1mg of total RNA was denatured at
958C for 5 min, and single-strand DNA was synthesized by
1-h incubation with You-Prime First-Strand Beads (Ready
to goTM; Pharmacia Biotech, Grand Island, NY, USA) and

synthesized oligo-dT. Aliquots of cDNA samples were
amplified with Taq polymerase (Gibco, Grand Island, NY,
USA) and primers specific for RANTES and G3PDH
(Clontech, Palo Alto, CA, USA) for 30 cycles in a DNA
thermal cycler (PC-700; ASTEC, Fukuoka, Japan); PCR
conditions consisted of denaturing at 948C for 45 s, anneal-
ing at 588C for 45 s, and extending at 708C for 2 min. The
cDNA samples were normalized to yield comparable
amounts of G3PDH cDNA. PCR products were electro-
phoresed on 2% agarose gels, and visualized with ethidium
bromide. The results were quantified by analysis of Polaroid
negative using the NIH image programme.

Results

Light and electron microscopy

Examining semithin sections stained with toluidine blue
from Epon-embedded tissues of AD lesions, the number of
S. aureuscells found in the sections varied in each sample
although their adhesive characteristics were similar. Scat-
tered or clusteredS. aureuscells attached to uppermost
horny cells or were present in crust-like horny layers
forming colonies (Fig. 1). On electron microscopy, their
localization patterns were similar to those in light micro-
scopy. They multiplied, attaching to uppermost horny cells
and among corneocytes, and someS. aureuscells were
found arranged linearly along desquamating corneocytes.
Amorphous or fine materials stained positive for ruthenium
red and surrounded almost allS. aureuscells, suggesting an
abundant production of glycocalyx byS. aureus. In addition,
S. aureuscells appeared to actively multiply based on the
observation of many splittingS. aureuscells (Fig. 2).
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Fig. 1. Semithin section embedded in Epon 812 stained with
toluidine blue. ClusteredS. aureus cells forming colonies
(arrows) are present in crust-like horny layers.

Fig. 2.S. aureuscells multiplying among corneocytes. Amorphous
or fine materials stained positive for ruthenium red, suggesting the
abundant production of glycocalyx byS. aureus, surround almost
all S. aureuscells. H; corneocyte.



Fibrillar structures were occasionally observed between
S. aureuscells that were in contact with each other and
betweenS. aureuscells and corneocytes.

Distribution of staphylococcal enterotoxin B

In AD lesions, many SEBþ cells were observed in the
dermis (Fig. 3) and less often in the epidermis. Micro-
organisms colonizing on uppermost horny layers and among
the horny cells, which were considered to beS. aureuscells,
were also positively stained with anti-SEB Ab. With double
staining, almost all SEBþ cells in the dermis (Fig. 3b) were
positively stained with anti-MBP Ab (Fig. 3a). Many IgEþ

cells were observed in the epidermis as well as in the
dermis, although with double staining of IgE and SEB
some IgEþ cells showed negative staining with anti-SEB
Ab in the skin. With double staining of CD1 and SEB, the
distribution of SEBþ cells (Fig. 3d) was not always con-
sistent with that of CD1þ cells (Fig. 3c). The staining
pattern of anti-SEB Ab showed diffuse immunofluorescence
in the cytoplasm of the corresponding cells (Fig. 3b,d). In
contrast, the staining pattern of anti-MBP Ab was much
clearer in the periphery of the corresponding cells (Fig. 3a).

HLA-DR and ICAM-1 expression in the normal organ-
cultured skin

The expression of HLA-DR and ICAM-1 was similarly
detected in the epidermis, mainly at basal and suprabasal
cell layers, after 8 h incubation with either SEA or SEB,
and continuously observed throughout 24 h incubation
(Fig. 4a). Furthermore, ICAM-1 expression was observed
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Fig. 3. Double immunofluorescence
staining of MBP (a, fluorescein) and
SEB (b, rhodamine), and CD1 (c,
fluorescein) and SEB (d, rhodamine).
Almost all SEBþ cells in the dermis
(b, arrowheads) are positively stained
with anti-MBP Ab (a, arrowheads). In
contrast, the distribution of SEBþ

cells (d, arrows) is not always consis-
tent with that of CD1þ cells (c,
arrows). The staining pattern with
anti-SEB Ab showed diffuse immuno-
fluorescence in the cytoplasm of the
corresponding cells (b, d). In contrast,
that with anti-MBP Ab was much
clearer in the periphery of the corre-
sponding cells (a).

Fig. 4. Normal human skin incubated with SEB for 8 h (a).
Immunohistochemically, the expression of ICAM-1 is detected
on the basal and suprabasal keratinocytes in the epidermis. No
expression of ICAM-1 is observed in the control skin incubated
without enterotoxins (b).



on endothelial cells of dermal vessels. No expression of
HLA-DR or ICAM-1 was found in the control skin incu-
bated without enterotoxins (Fig. 4b).

Specific IgE antibodies to staphylococcal toxins (SEA, SEB,
anda-toxin)

The prevalence of positive IgE antibodies against SEA or
SEB is shown in Fig. 5. Of 149 AD serum samples tested,
107 (71.7%) had specific IgE antibodies against either SEA
or SEB or both. There were 81 (54.4%) AD serum samples
that reacted with anti-SEA Ab, 97 (65.1%) that reacted with
anti-SEB Ab, and 71 (47.7%) that reacted with both SEA
and SEB Abs. The titres of SEA-specific IgE ranged from
0.38 to> 30 IU/mL and those to SEB-specific IgE ranged
from 0.36 to> 50 IU/mL. Of the patients with both SEA-
and SEB-specific IgE, those with high titres of one did not
always show high titres of the other. We examined the
prevalence of specific IgE-positive patients in terms of
gender, age, AD severity, and total serum IgE levels.
There was no significant correlation between the prevalence
and sex, age, or AD severity (Fig. 5). The higher incidence
of IgE antibodies specific for SEA and/or SEB was found in
the AD patients with higher levels (more than 500 IU/mL)
of total serum IgE levels. There was a statistically signifi-
cant difference (P<0.01) between the patients with high
total serum IgE levels (more than 500 IU/mL) and those
with normal total serum IgE levels. No specific IgE anti-
bodies to staphylococcala-toxin were detected in these AD
patients.

Control sera from 17 patients with nonatopic skin dis-
eases and normal control sera from 11 healthy subjects were
also tested for SEA-, SEB- anda-toxin-specific IgE, and for
total serum IgE levels. Only three of these serum samples

were positive to SEA or SEB in Control 2 and all of their
total serum IgE levels were within normal limits. Compared
with the prevalence of positive specific IgE antibodies in
AD patients, that in control groups was significantly lower
(P<0.001).

RANTES mRNA expression on IFN-g-treated keratinocytes

RANTES mRNA was expressed on cultured human kerati-
nocytes incubated with IFN-g for 18 h, although it was
not detected in the incubation with SEB or TNF-a

(Fig. 6). With the addition of 500 ng/mL SEB, RANTES
mRNA expression on keratinocytes preincubated with 25 U/
mL of IFN-g for 48 h was upregulated or maintained for a
long time, compared with the condition with no stimulants
(Fig. 6).

Discussion

The bacterial flora of skin consists primarily of staphylo-
cocci, micrococci, corynebacteria, and propionibacteria
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Fig. 5. Prevalence of specific IgE antibodies against SEA or SEB.
In two control groups, the prevalence is significantly lower than
that in AD. There is no significant difference in the prevalence
between males and females. Control 1; 11 healthy subjects, and
Control 2; 17 skin diseased patients without atopic disorders.
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[19]. Among these skin bacteria,S. aureusis found only in
2–25% on the skin of normal healthy individuals [1,2,20–
23]. In contrast, not only eczematous but normal-appearing
skin in almost all patients with AD is colonized with
S. aureusin higher prevalence and density than in normal
skin of healthy subjects or other types of eczematous skin
[1–5,20–23]. The increased colonization byS. aureusin
patients with AD might be caused by enhanced adherence
of S. aureusto skin as this micro-organism exhibited a
statistically much greater degree of adherence to corneo-
cytes of patients with AD, compared with corneocytes
collected from normal controls or those with psoriatic
lesions or other skin diseases [24]. These investigations,
however, mainly reflect only quantitative or prevalence
of colonizing S. aureusin AD lesions. Few examinations
of the adhesive features ofS. aureuscolonizing on AD
skin lesions have been reported [25]. The current study
revealed that the bacterial cells tightly attached to the
uppermost corneocytes and could penetrate the epidermis
via the intercellular spaces. Fibrillar and amorphous struc-
tures, which were positive for ruthenium red stain and
might be derived from products ofS. aureuscells, plasma
components, or a mixture of both, were found between
the S. aureuscells in contact with each other and between
S. aureuscells and corneocytes. Similar materials, glyco-
calyx, were also demonstrated in anin vivo experiment of
infection with S. aureusin mice [26], and they seem to
contribute to the strong adherence amongS. aureuscells
and betweenS. aureuscells and corneocytes, resulting in
bacterial biofilms [14]. The findings in this study, especially
penetration of S. aureus into intercellular spaces of
the epidermis, strongly suggest that skin surface lipids
in AD patients are deteriorated. The antibacterial activity
of skin surface lipids such as free fatty acids, polar
lipids, and glycosphingolipids have been recognized for
years [27].

Most strains ofS. aureusisolated from AD often produce
exotoxins such as SEA, SEB, and toxic shock syndrome
toxin-1 (TSST-1) [6–8]. The staphylococcal toxins
secreted on the skin surfaces can act as superantigens
which, with the help of HLA-DR on Langerhans cells or
macrophages might stimulate them to produce proinflam-
matory cytokines such as interleukin-1 (IL-1) and TNF-a

[28]. IL-1 and TNF-a then may contribute to skin inflam-
mation by induction of vascular endothelial leucocyte
adhesion molecules such as ICAM-1 and ELAM-1
[29,30]. Furthermore, the expression of MHC class II
molecules on keratinocytes is induced during inflammation
and potently activates T cells in the presence of super-
antigens [31,32]. The T-cell activation by class II-bearing
keratinocytes will lead to further inflammation and cytokine
release.

The present investigation of organ culture incubated with

SEA or SEB demonstrated the expression of HLA-DR and
ICAM-1 on normal keratinocytes. Though it is not clear
whether the effects are due to direct effect of SEA or SEB
on keratinocytes, or through cytokines released from lym-
phocytes present in the dermis, the findings clearly suggest
that the staphylococcal enterotoxins provoke the inflamma-
tion [33,34]. Further studies and our previous report [35]
revealed that 70–80% of all the patients tested had a
significantly higher incidence of circulating IgE antibodies
specific for SEA and/or SEB (P< 0.001) compared with
those in two control groups. Because the staphylococcal
enterotoxins seem to penetrate the injured skin barrier in
patients with AD more easily than they do an intact skin
barrier, these findings strongly support the possibility that in
the majority of AD patients SEA and SEB have a role in
exacerbation and prolongation, and/or act as a trigger of
AD through IgE-dependent immunoreaction. Even in
patients with mild AD, staphylococcal toxins might have
similar effects on the lesions as those in patients with severe
AD.

AD is closely associated with eosinophils [36,37], and
RANTES (regulated on activation, normal T expressed and
secreted) is a chemotactic and activating factor for human
eosinophils [38]. The clinical severity of AD shows a
positive correlation with the number of blood eosinophils
and the concentration of serum eosinophil cationic protein
(ECP) [39,40]. In AD lesions, the deposition of MBP [41] as
also shown by immunofluorescence in this study and of ECP
[42] has been demonstrated, suggesting the degranulation of
eosinophils in inflammatory sites of AD. In the present
study, SEB upregulated RANTES mRNA expression on cul-
tured human keratinocytes preincubated with IFN-g. With
electron microscopy, abundant degranulated eosinophil-
specific granules were observed in the inflamed dermis
(data not shown). Our immunofluorescence study on the
distribution of SEB demonstrated that it was almost always
localized on dermal-infiltrated eosinophils, not always
CD1þ or IgE-bearing cells. The findings indicate that at
least SEB has an important interaction especially with
eosinophils directly and through epidermal keratinocytes,
as well as IgE-bearing cells through IgE-mediated
responses, which suggests that SEB has a crucial role in
eosinophilic inflammation of AD lesions.

Flare-ups of AD often correlate with heavy colonization
of S. aureuson the skin surfaces [7]. The skin rash
frequently resolves whenS. aureusis reduced following
antibiotic therapy, topical high potent corticosteroid appli-
cation, or a combination of both [8,12,13], butS. aureus
cannot be completely eliminated. The data we present here
suggest that the enterotoxins continuously stimulate infil-
trated corresponding cells such as lymphocytes, eosino-
phils, and monocytes/macrophages in AD lesions to
produce IgE and to induce the relevant cells [43], resulting
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in the exacerbation and prolongation of the inflammation
in AD.
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