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Abstract

Skin barrier disruption and dermal inflammation are key phenotypes of atopic dermatitis (AD). Staphylococcus aureus
secretes extracellular vesicles (EVs), which are involved in AD pathogenesis. Here, we evaluated the role of EVs-associated o-
hemolysin derived from S. aureus in AD pathogenesis. a-hemolysin production from S. aureus was detected using western
blot analyses. The cytotoxic activity of a-hemolysin on HaCaT keratinocytes was evaluated by measuring cell viability after
treating cells with soluble and EVs-associated a-hemolysin. To determine the type of cell death, HaCaT keratinocytes were
stained with annexin V and 7-AAD. The in vivo effects of a-hemolysin were evaluated by application of soluble and EV-
associated a-hemolysin on the mouse skin. The present study showed that increased o-hemolysin was produced by S.
aureus colonized on AD patients compared to healthy subjects. a-hemolysin production was also related to AD severity. In
addition, EV-associated o-hemolysin was more cytotoxic to HaCaT keratinocytes than soluble o-hemolysin, and o-
hemolysin-negative EVs did not induce keratinocyte death. EV-associated a-hemolysin induced necrosis, but soluble o-
hemolysin induced apoptosis of keratinocytes. In vivo, skin barrier disruption and epidermal hyperplasia were induced by
soluble and EV-associated a-hemolysin. However, AD-like dermal inflammation was only caused by EV-associated o-
hemolysin. Moreover, neither skin barrier disruption nor AD-like skin inflammation was induced by a-hemolysin-negative
EVs. Taken together, o-Hemolysin secreted from S. aureus, particularly the EV-associated form, induces both skin barrier
disruption and AD-like skin inflammation, suggesting that EV-associated a-hemolysin is a novel diagnostic and therapeutic
target for the control of AD.
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Introduction particular, S. aureus is closely related to AD because it colonizes the
skin lesions of most AD patients and augments disease severity
[9,10]. S. aureus affects the host immune system by producing
pathogenic molecules and toxins. For example, S. aureus produces
staphylococcal enterotoxins that can induce excessive T-cell
responses, as well as hemolysins, that cause cell death by forming

Atopic dermatitis (AD) is a chronic inflammatory skin disease
that is characterized by eczematous lesions with pruritus and
xerosis [1]. AD skin lesions show distinct features, such as
disrupted barrier function with epidermal hyperplasia and
Staphylococcus aureus colonization. In particular, abnormal skin
barrier function induced by the death of keratinocytes is one of the

major causes in the etiology of AD [2,3,4]. Through the disrupted types of cells [8,12,13]. It has also been reported that o-hemolysin

skin barrier, p_athogcn-assomatcd ar{tlgCIls and allergens can can target keratinocytes and is related to AD disease severity
penetrate the skin and subsequently affect host immune responses. [14,15]
,15].

Skin lesions of AD patients show increased keratinocyte cell death

heptameric membrane pores [8,11]. Among these, a-hemolysin
(also called as a-toxin) is an important toxin, which kills many

Recent evidence indicates that S. aureus secretes extracellular

induced by immunologic .mediators [5,6,7]. ) vesicles (EVs) as well as soluble toxins [16]. EVs derived from .
S. aureus is a gram-positive bacterium and notorious pathogen

that can induce many human diseases [8]. Human skin and nasal
anterior are well-known reservoirs of S. auwreus, and it has been
reported that carriage of S. aureus is related to allergic diseases. In

aureus are 20-200-nm vesicular structures that are membrane-
enveloped spherical complexes and contain many proteins, DNA,
RNA, and toxins. S. aureus EVs show potent immunogenicity and
are related to AD pathogenesis [17]. Proteome analyses showed
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that EVs harbor pathogenic toxins, including a-hemolysin [16].
Thus, we hypothesized that o-hemolysin, particularly the EV-
associated form, is a key mediator of AD pathogenesis.

Results

Comparison of a-hemolysin production between AD
patients and healthy subjects

To evaluate the relationship between o-hemolysin production
from S. awreus and AD, o-hemolysin levels were measured in
culture media of . aureus from AD patients and healthy controls.
All bacteria were cultured under the same conditions and o-
hemolysin levels in the culture media were measured by western
blot. Although two of six samples of S. aureus from healthy controls
produced a-hemolysin, most S. aureus from AD patients (seven of
eight) produced it (Fig. 1, A). Furthermore, when o-hemolysin
production was measured in S. aureus culture media from 90 AD
patients, 91% of S. aureus from AD patients were positive for o-
hemolysin compared to 33% of healthy controls (Fig. 1, B and
Table 1). In terms of o-hemolysin production according to AD
severity, o-hemolysin production was significantly higher from S.
aureus from the severe group compared to S. aureus from the mild
and moderate groups (Fig. 1, C and Table 1). These findings
suggest that a-hemolysin from S. aureus is related to AD disease
development and/or progression.

Hemolysin in S. aureus EV and Atopic Dermatitis

The effect of a-hemolysin on keratinocyte cell death

Numerous reports have shown that o-hemolysin can kill many
types of cells, including epidermal keratinocytes [12,13,14].
Because o-hemolysin-producing S. aureus were more frequent in
AD patients compared to healthy controls, we evaluated the effect
of a-hemolysin on keratinocyte death by measuring cell viability
after treatment with bacterial culture media. We found that
HaCaT keratinocyte viability was decreased upon treatment with
culture media of S. aureus from AD patients compared to healthy
controls (Fig. 1, D). In addition, we evaluated the effect of \S. aureus
EVs on HaCaT keratinocyte death. The results indicate that
keratinocyte viability was significantly decreased upon treatment
with S. aureus EVs from AD patients (Fig. 1, E). These findings
suggest that o-hemolysin in S. aureus EVs may be an important
etiologic agent in AD pathogenesis.

The role of a-hemolysin in S. aureus EVs on keratinocyte
cell death

Based on these data, we sought to determine whether S. aureus
EVs harbor a-hemolysin, which induces keratinocyte cell death.
For these experiments, we used the S. aureus 14458 strain, a
reference strain used previously [16,17]. Our data show that o-
hemolysin was present in both culture media and EVs from the S.
aureus 14458 strain (Fig. 2, A). In terms of a-hemolysin hemolytic
activity, we found that hemolysis was induced by S. aureus EVs in a
dose-dependent manner, as well as by a soluble form of o-
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Figure 1. S. aureus on atopic dermatitis skin produces a-hemolysin. A, Detection of a-hemolysin in culture media of S. aureus isolated from
the skin of healthy controls (HC) and atopic dermatitis patients (AD). B, The percentage of a-hemolysin-producing S. aureus from 90 AD patients. C,
The amount of a-hemolysin in culture media was evaluated by scoring western blot band sizes from 0 to 3. D and E, Human keratinocyte viability
after treatment with 10 pg/ml S. aureus culture media (D) and 25 ug/ml EVs (E) for 24 hr. ** P<<0.01 versus the PBS group.

doi:10.1371/journal.pone.0100499.g001
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Table 1. Demographic and clinical characteristics of atopic dermatitis patients.

Mild Moderate Severe Total
n=7 n=37 n=46 n=90
Age, months 66.43 51 62 55
(range) (36-145) (4-163) (2-510) (2-510)
Sex (male: female) 01:02.5 01:01.2 1:01 01:01.1
MRSA (%) 42.8 43.2 28.6 389
a-hemolysin (%)" 0 14.3 10.8 6.5 8.9
1 28.6 48.7 26.1 355
2 42.8 243 10.9 189
3 14.3 16.2 56.5 36.7

with a-hemolysin-producing S. aureus.

doi:10.1371/journal.pone.0100499.t001

hemolysin (sHla) and the S. aureus culture media (Fig. 2, B and
Fig. S1, A). Next, to evaluate the cytotoxic effect of a-hemolysin
on keratinocytes, S. aureus EVs were added to HaCa'l' keratino-
cytes. Keratinocyte viability was significantly decreased upon
treatment with S. auwreus EVs, S. aureus culture media, and sHla
compared to PBS alone (Fig. 2, C). S. awreus EVs and sHla also
killed primary human keratinocytes (data not shown). To elucidate
the role of o-hemolysin in EVs on keratinocyte cell death, we
performed experiments using S. aureus strains that produce various
amounts of o-hemolysin. We found that the amounts of o-
hemolysin in S. awreus EVs were positively associated with
keratinocyte death (Fig. S1, B). Next, to evaluate the effect of
a-hemolysin deficiency on keratinocyte death, we isolated EVs
from a-hemolysin-positive WT (Newman strain) and o-hemolysin-
deficient mutant strains. Cell viability of HaCaT keratinocytes was
significantly higher after treatment with S. aureus EVs from the o-
hemolysin-positive strain compared to the o-hemolysin-negative
strain. In addition, keratinocyte death was reversed by treatment
with EVs isolated from the o-hemolysin-negative strain that
complemented o-hemolysin using a plasmid (Fig. 2, D).
Furthermore, the results indicate that EVs from a-hemolysin-
negative S. aureus strains from either AD patients or healthy
controls did not induce HaCaT keratinocyte death, whereas death
was induced by o-hemolysin-positive S. aureus strains from AD
patients (Fig. 2, E). Taken together, these findings suggest that o-
hemolysin in S. aureus EVs are a key player in AD pathogenesis via
keratinocyte death.

Comparison between soluble and EV-associated a-

hemolysin on keratinocyte cell death

Although sHla was reported to act on the plasma membrane of
keratinocytes [14], the working mechanism of S. aureus EVs on
keratinocyte death remains unknown. First, we evaluated the
cellular localization of EVs. When fluorescence-labeled EVs were
added to HaCaT keratinocytes, EVs were internalized into the
cytoplasm (Fig. 3, A). In our measurements, EVs contained
approximately 0.6 pg of a-hemolysin after treatment with 10 pg of
EVs (quantified by total protein amount) (Fig. $2). When HaCa'T
keratinocytes were treated with equal amounts of soluble and EVs
forms of a-hemolysin, o-hemolysin in EVs was more effectively
delivered into the keratinocytes (Fig. 3, B). Furthermore, to
compare the cytotoxic effects of EV-associated a-hemolysin and

PLOS ONE | www.plosone.org

Values shown are age in months (median), ratio of males versus females, percentage of methicillin-resistant Staphylococcus aureus, and percentage of patients colonized

The percentage was determined by the amount of a-hemolysin produced by S. aureus isolated from the patients. The amount of a-hemolysin was measured by band
intensity using Multi Gauge V3.1. Scores are as follows: 0: zero; 1: up to 6000 arbitrary units (AU); 2: from 6001 to 15,000 AU; and 3: over 15,001 AU.

sHla, HaCaT keratinocytes were treated with equal amounts of -
hemolysin in the soluble and EV forms. This study showed that
cytotoxicity was enhanced after treatment with EV-associated o-
hemolysin compared to sHla (Fig. 3, C). Keratinocyte death was
induced faster by EV-associated o-hemolysin versus sHla (Fig. 3,
D). Together, these findings suggest that compared to sHla, EV-
associated o-hemolysin potently induces keratinocyte death.

a-hemolysin localization in S. aureus EVs

Generally, secreted soluble toxins are neutralized and lose their
activity by engaging the host immune system [18,19,20].
Compared to soluble toxins, EVs may protect toxins by enveloping
them with cell membrane. Our data show that EV-associated o-
hemolysin remained intact after proteinase K treatment; however,
after EVs were disrupted by lysis buffer, EV-associated o-
hemolysin was degraded by proteinase K (Fig. 3, E). This finding
suggests that o-hemolysin is localized in the EV lumen, not on the
EV surface. Moreover, when both soluble and EV-associated o-
hemolysin were treated with the anti-o-hemolysin antibody,
keratinocyte cell death induced by EV-associated o-hemolysin
was unaffected, whereas the cytotoxicity induced by sHla was
reversed (Fig. 3, F). Collectively, these findings suggest that o-
hemolysin in the EV lumen enhances killing of keratinocytes and
evasion of host immune defenses.

Comparison of cell death mechanisms between EV-
associated and soluble a-hemolysin

Although several reports have suggested that sHla induces host
cell apoptosis [12,21,22], the exact mechanism of EV-associated o-
hemolysin in keratinocyte death is unknown. We found that the
morphology of cell death differed between soluble and EV-
associated o-hemolysin; HaCa'T' keratinocytes were rounded and
many cells were floating upon sHla treatment, which is indicative
of apoptotic cell death; whereas cells underwent cell rupture upon
EVs treatment, suggestive of necrosis (Fig. 4, A). In accordance
with the observed cell morphology, LDH release, a marker of
necrosis or cell rupture, was significantly increased after EVs
treatment (Fig. 4, B). In addition, high-mobility group box
(HMGB)-1, another marker for necrosis [23] was detected in
culture media of EV-treated HaCa'l' keratinocytes, but not from
that of sHla-treated cells (Fig. 4, C). Flow cytometry also showed
that the number of 7-AAD-positive cells (necrotic cells) increased
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Figure 2. a-Hemolysin in S. aureus EVs is a key factor for EVs cytotoxicity. A, The presence of a-hemolysin in culture media, EVs-removed
culture media (media-EVs), and EVs from the S. aureus ATCC14458 strain. B, Hemolytic function of soluble a-hemolysin and EVs. C, Viability of human
keratinocytes after treatment with soluble hemolysin (5 pug/ml), S. aureus culture media (10 pug/ml), and EVs (20 ug/ml). D, a-Hemolysin in EVs from
the Newman strain, a-hemolysin-deficient mutant strain, and o-hemolysin complemented strain (pHla). Human keratinocyte viability after treatment
with each EVs (40 ug/ml). E, a-Hemolysin in EVs from randomly selected S. aureus from healthy controls (HC) and atopic dermatitis (AD) patients.
Viability of human keratinocytes after treatment with EVs (25 ug/ml). * P<<0.05; ** P<<0.01 versus the PBS group.

doi:10.1371/journal.pone.0100499.g002

after EVs treatment, whereas annexin V-positive cells (apoptotic
cells) increased after sHla treatment (Fig. 4, D). To sum up, these
findings suggest that EV-associated a-hemolysin induces necrotic
cell death by carrying o-hemolysin into the cytoplasm of
keratinocytes, whereas sHla induces keratinocyte death via
apoptosis.

In vivo effects of EV-associated and soluble a-hemolysin
on skin barrier disruption

Because keratinocytes are major constituents of the skin barrier,
keratinocyte death is a key contributor of skin barrier disruption in
AD pathogenesis [2,5]. To examine the i vivo effects of EV-
associated o-hemolysin on skin barrier disruption, EVs from o-
hemolysin-positive and -negative S. aureus strains, as well as sHla,
were applied to the back skin of mice. Evans blue dye penetration
was enhanced by o-hemolysin-positive EVs or sHla treatment
compared to PBS or a-hemolysin-negative EVs treatment (Fig. 5,
A). Next, we aimed to evaluate the i viwo effects of skin barrier
disruption on the penetration of high-molecular-weight allergens.
Therefore, fluorescein-labeled ovalbumin (OVA) was administered
to EV- and sHla-treated skin, and OVA levels were measured in

PLOS ONE | www.plosone.org

excised skins by quantification of fluorescein. We found that OVA-
fluorescein levels were increased in mice treated with o-hemolysin-
positive EVs or sHla compared to a-hemolysin-negative EVs or
PBS treatment (Fig. 5, B). Together, these findings suggest that
both EV-associated and soluble a-hemolysin induce skin barrier
disruption via keratinocyte cell death and consequently enhance
penetration of high-molecular-weight allergens.

Effects of EV-associated and soluble a-hemolysin on pro-
inflammatory mediator production by keratinocytes
Our previous reports showed that S. aureus EVs induced pro-
inflammatory cytokine production by dermal fibroblasts and
airway epithelial cells [17,24]. To evaluate the effect of EV-
associated and soluble o-hemolysin on the production of pro-
inflammatory mediators from keratinocytes, we measured the
production of pro-inflammatory cytokines from HaCa'l' keratino-
cytes after treatment with equal amounts of a-hemolysin in the EV
and soluble forms. We found that the cytokine production profile
differed between EV-associated and soluble a-hemolysin. IL-6 was
enhanced by both EV-associated and soluble a-hemolysin, IL-13
was enhanced only by EV-associated o-hemolysin, and TNF-o
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Figure 3. EVs are more potent mediators of keratinocyte death compared to soluble a-hemolysin. A, Confocal microscopy of human
keratinocytes with Dil-labeled S. aureus EVs (red: S. aureus EVs, blue: nucleus). S. aureus EVs and nucleus are shown merged on DIC image (lower
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of culture media volume). * P<<0.05; ** P<<0.01 versus the PBS group; NS, not significant.

doi:10.1371/journal.pone.0100499.g003

was enhanced only by sHla (Fig. 6, A). Moreover, IL-1 and IL-6
production by keratinocytes was decreased after treatment with
EVs derived from the o-hemolysin-negative S. aureus strain
compared to the o-hemolysin-positive strain, whereas TNIF-o
production was enhanced in the former group versus the latter
group (Fig. 6, B). Collectively, these findings suggest that EV-
associated o-hemolysin induces IL-1p and IL-6 production from
keratinocytes but may inhibit TNF-o production induced by S.
aureus EV's or other signals.

Effects of EV-associated and soluble a-hemolysin on the
development of AD-like skin inflammation

Finally, we evaluated i vivo effects of EV-associated and soluble
a-hemolysin on the development of skin inflammation. To do this,
the same amounts of o-hemolysin in the EV-associated and soluble
forms were administered epicutaneously into the mouse skin and

PLOS ONE | www.plosone.org 5

histological alterations were evaluated. Dermal infiltration of
inflammatory cells, particularly eosinophils, was enhanced by EV-
assoclated o-hemolysin but not by sHla. However, both forms of
a-hemolysin increased epidermal cell hyperplasia (Fig. 7, A).
Furthermore, dermal infiltration of inflammatory cells, including
eosinophils, and epidermal thickening were reduced in skin treated
with repeated applications of a-hemolysin-negative EVs (Fig. 7,
B). Taken together, our data show that a-hemolysin in S. aureus
EVs are a key player for the development of AD phenotypes,
including epidermal thickening and eosinophilic inflammation in
the dermis.

Discussion

If the skin barrier is disrupted, pathogen-associated antigens and
allergens can penetrate into the human body. Skin barrier
disruption is considered one of the major causes of AD
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doi:10.1371/journal.pone.0100499.g004

exacerbation, but many studies have focused on intrinsic factors,
such as host molecules that maintain the skin barrier [4,25].
Though it is known that staphylococcal toxins can affect skin
barrier integrity for a long time, the role of a-hemolysin in skin
barrier disruption via killing keratinocytes have been reported
recently [26,27]. In the present study, we elucidated the role of
extrinsic factor (a-hemolysin and EVs) on the development of skin
barrier disruption and AD-like inflammation. The present data
show that o-hemolysin-producing . aureus had colonized AD
patients, and that soluble and EV-associated a-hemolysin induce
keratinocyte cell death, consequently enhancing skin penetration
of high-molecular-weight allergens. However, EV-associated o-
hemolysin was found to induce keratinocyte necrosis, whereas
sHla induced keratinocyte apoptosis. Additionally, EV-associated
a-hemolysin induced epidermal thickening and eosinophilic
inflammation in the dermis, whereas the soluble form induced
only epidermal thickening. This is the first report that a-hemolysin
in EVs derived from S. aureus induces skin barrier disruption and
AD-like skin inflammation, predominantly via keratinocyte
necrosis and the production of pro-inflammatory mediators by
keratinocytes.

S. aureus secretes toxins, including o-hemolysin, as both soluble
and EV-associated forms. EV-associated toxins have some
advantages in intercellular communication compared to soluble
forms. Toxins in the EV lumen, such as EV-associated o-
hemolysin, can be protected from clearance by host defense

PLOS ONE | www.plosone.org

systems, including antibody-mediated neutralization and protease-
mediated destruction, enabling toxins to retain their function and
travel long distances without interference [28]. In addition,
because EVs are membrane-enveloped complexes, they can
deliver their contents easily into the cytoplasm by fusing with
the host cell membrane or by endocytosis after interaction between
ligands on EVs and receptors on host cells [18,29]. Indeed, the
present data show that S. awreus EVs were internalized into the
cytoplasm of keratinocytes and that EVs efficiently delivered o-
hemolysin to the cytoplasm. Collectively, these findings suggest
that EVs-associated toxins are key molecules in disease pathogen-
esis.

EVs derived from several bacteria kill host cells by transferring
cytotoxic factors [29,30,31]. It was reported that S. aureus EVs can
induce death of human epidermoid cancer cells [32]. Additionally,
recent data indicate that a-hemolysin associated with S. aureus EVs
can induce death of cervical cancer cells [33]. In addition, the
present data showed that EV-associated o-hemolysin can also
induce keratinocyte necrosis, whereas the soluble form induces
apoptosis. This difference can be partly attributed to the
differences in delivery efficacy between EV-associated and soluble
a-hemolysin. We can speculate that o-hemolysin can be efficiently
delivered by EVs and that a high a-hemolysin concentration in the
cytoplasm attacks cell membranes and/or cytoplasm organelles,
thereby initiating necrosis pathways.
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Figure 6. S. aureus EVs and soluble a-hemolysin induce production of different cytokines. A and B, Pro-inflammatory cytokines in human
keratinocyte culture media after treatment with soluble a-hemolysin and EVs (A) and 40 ug/ml of EVs from each strain (B). * P<<0.05; ** P<<0.01 versus
the PBS group.

doi:10.1371/journal.pone.0100499.g006
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Figure 7. a-Hemolysin-positive S. aureus EVs induces atopic dermatitis-like skin inflammation. A and B, Skin alterations after treatment
with 5 ug of soluble a-hemolysin and EVs (A) and 10 ug of EVs from the Newman wild-type and a-hemolysin-deficient strains (B) (n=>5 mice per
group). * P<<0.05; ** P<<0.01; *** P<0.001 versus the PBS group; NS, not significant.

doi:10.1371/journal.pone.0100499.g007

Cell death via necrosis or apoptosis can result in immunolog-
ically distinct consequences [22]. The present data showed that
EV-associated a-hemolysin up-regulateed the production of IL-6,
a key mediator of Thl7 polarization, which is associated with
keratinocyte necrosis. In contrast, sHla enhanced the production
of TNF-a, but not of IL-6. Our previous data demonstrated that
skin exposure to S. aureus EVs induced a Thl7-cell response in
regional lymph nodes and ultimately resulted in AD-like skin
inflammation [17]. Together, these findings suggest that S. aureus
EVs induce skin barrier disruption and Thl7-associated inflam-
mation in the dermis via effective delivery of o-hemolysin into
keratinocytes.

The expression of toxins from S. aureus can be regulated by
environmental stress, and also host factors, such as filaggrin
production [11,34,35,36]. In the present study, most of S. aureus
isolated from the skin of AD patients was found to produce o-
hemolysin, as soluble and EV-associated forms, which can induce
skin barrier disruption. In contrast, we can hardly detect the
production of o-hemolysin from S. aureus isolated from healthy
control subjects. Moreover, the levels of a-hemolysin in lavage
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fluids from the AD patient skin were found to be positively
correlated with AD severity. Because EVs are produced via
shedding of bacterial membrane and contain many pathogenic
molecules [16,18], it is hard to define the effect of EVs by deleting
or adding specific molecules. We can assume that many proteins
interact with other proteins and the relationship between various
proteins can affect overall characteristics of EVs. Nevertheless, out
present findings suggest that a-hemolysin, especially EV-associated
form, is a good biomarker for the diagnosis and therapy of AD.

In summary, the present study showed that o-hemolysin,
present in the EV lumen, induces skin barrier disruption and
AD-like skin inflammation via keratinocyte necrosis and/or up-
regulation of pro-inflammatory mediator production from kerati-
nocytes. Moreover, S. aureus colonized on AD patient skin secretes
a-hemolysin, which is significantly related to AD severity. These
findings indicate that o-hemolysin, particularly the EV-associated
form, is a novel target for diagnosis and treatment of AD.
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Materials and Methods

Ethics statement

This study was carried out in strict accordance with the
recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institute of Health. The
experimental protocols were approved by the Institutional Animal
Care and Use Committee at POSTECH, Pohang, Republic of
Korea (Permit Number: 2011-01-0027). All animal experiments
were planned in order to minimize mice suffering. The study
protocol for human samples was approved by the Ethics
Committee of Seoul Suncheonhyang Hospital (Permit Number:
2010-01-0016). Participants provided their written informed
consent to participate in the present study.

Mice

SKH-HR1 hairless mice were purchased from Charles River
Laboratories Japan, Inc. (Yokohama, Japan) and were bred in a
specific-pathogen-free facility at Pohang University of Science and

Technology (POSTECH; Pohang, Republic of Korea).

Keratinocytes and bacteria

Immortalized human epidermal keratinocytes (HaCaT cells)
were kindly donated by Jeung-Hoon Lee (Chungnam National
University, Daejeon, Korea). Primary human epidermal keratino-
cytes (HEK cells) were purchased from ScienCell (Carlsbad, CA).
HaCaT cells were maintained in DMEM (Hyclone Laboratories,
South Logan, UT) containing fetal bovine serum (Gibco) and
antibiotics (Hyclone Laboratories). ATCC14458 S. aureus strain
was purchased from ATCC. The Newman strain, a-hemolysin
deficient strain, and o-hemolysin complemented strain were kindly
provided by Juliane Bubeck Wardenburg (University of Chicago,
IL).

S. aureus isolation from human samples

S. aureus was collected from the skin lesions of 90 AD patients
visiting the Pediatric Clinic of Seoul Suncheonhyang Hospital
(Seoul, Republic of Korea). S. aureus from healthy controls was
isolated from the skin of the upper limbs and subungual spaces
from 36 volunteers who had no AD symptoms.

Isolation of S. aureus EVs

S. aureus EV's were obtained as described previously [17]. Briefly,
S. aureus was cultured in nutrient broth or tryptic soybean broth
(Difco, Sparks, MD) at 37°C to an optical density (OD) of 1.5 at
600 nm. Bacteria were removed by centrifugation and filtration.
The filtrate was concentrated and the resulting concentrate was
filtered and ultracentrifuged at 150,000 xg for 3 h. The pellet was
resuspended in PBS. S. aureus-derived EVs protein concentrations
were measured using BCA assays (Thermo Scientific, Rockford,
IL). Hereafter, the dose of S. aureus EVs refers to the quantity of S.
aureus-derived EVs proteins.

Cytotoxicity measurements

Keratinocyte viability was measured at 24 h after treatment
using thiazolyl blue tetrazolium bromide (MTT) purchased from
Sigma Aldrich (St. Louis, MO). The PBS control group was used
as 100% wviability. Lactate dehydrogenase (LDH) activity in the
culture supernatant was measured using the LDH cytotoxicity
detection kit purchased from Takara Bio Inc. (Otsu, Japan)
according to the manufacturer’s instructions.
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Hemolysis measurements

Red blood cells (RBCs) were isolated from mouse whole blood.
a-Hemolysin (Sigma-Aldrich, USA) and S. aureus EVs were added
to RBCs and incubated at 37°C. After 1 h, the remaining RBCs
were removed by centrifugation and the optical density at 540 nm
of the supernatant was measured. RBC lysis buffer was used as a
positive control.

Flow cytometry analyses of cell death

Annexin V (BD biosciences) and 7-AAD (Biolegend) were used
detect cell death using flow cytometry. Cells were treated with S.
aureus EV's or o-hemolysin, and cells in the culture supernatant and
remaining cells were collected. Cells were processed according to

the manufacturer’s instructions. Processed cells were analyzed
using FACSCalibur (Becton Dickinson, USA).

In vivo assays

For Evans blue dye assays and fluorescein-labeled OVA
penetration, gauze soaked with 100-ul PBS containing S. aureus
EVs or o-hemolysin was placed and secured on mildly tape-
stripped skin. Mice were treated five times in 1 week with S. aureus
EVs and o-hemolysin. Dorsal skin was serially fixed with 30, 50,
70, and 100% methanol. After fixation, 0.1% Evans blue was
added for 10 min, followed by washing with PBS. Skin was
excised, immersed in formamide, and incubated at 60°C. After
6 h, the optical density at 620 nm was measured. For OVA-
fluorescein penetration, 50 pug of fluorescein-conjugated OVA
were added twice to S. aureus EVs- or a-hemolysin-treated skin.
Next, the skin was excised and homogenized. Fluorescence was
measured using a Wallac 1420 Victor luminometer (American
Instrument Exchange, Inc., Harverville, MA). Skin alterations
were evaluated after S. awreus EVs and o-hemolysin treatment
three times per week for 3 weeks, as reported previously [17].

Statistical analyses

For multiple comparisons, one-way analysis of variance
(ANOVA) was used first. If significant differences were found,
individual t-tests or Wilcoxon’s rank-sum tests were performed
between pairs of groups. Differences were considered statistically
significant if P<<0.05.

Supporting Information

Figure S1 A, Hemolytic activity of EVs and culture media from
the ATCC14458 strain and a-hemolysin-deficient EVs strain.
Hemolysis mediated by RBC lysis buffer is used as 100%. B, The
amount of a-hemolysin on EVs from different strains (left panels)
and cytotoxicity of EVs on keratinocytes (right panel). ** P<<0.01
versus the PBS group.

(EPS)

Figure 82 Quantification of o-hemolysin in EVs. Western
blotting showed that 0.6 pg of o-hemolysin was present in 10 pg
of EVs protein from the ATCC14458 strain and 0.25 pg of o-
hemolysin was present in 10 pg of EVs protein from the Newman
strain.

(EPS)
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