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in keratinocytes through the Toll-like receptor
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Background: Staphylococcus aureus heavily colonizes the lesions
of patients with atopic dermatitis (AD) and is known to trigger a
worsening of AD. However, the exact mechanism by which

S aureus promotes AD is unknown. Thymic stromal
lymphopoietin (TSLP), which is highly expressed by
keratinocytes in skin lesions of patients with AD and bronchial
epithelial cells in asthmatic patients, represents a critical factor
linking responses at interfaces between the body and the
environment to allergic type 2 immune responses.

Objectives: We sought to examine the ability of synthetic
lipopeptides and S aureus to induce TSLP expression in human
keratinocytes and identify the pathway of induction.

Methods: We stimulated primary human keratinocytes with
lipopeptides and S aureus—derived materials. The release and
gene expression of TSLP were measured by means of ELISA
and quantitative PCR, respectively.

Results: Diacylated lipopeptide upregulated the expression of
TSLP and other proinflammatory molecules. Heat-killed S
aureus and the subcellular fractions of S aureus induced TSLP’s
release, with the membranous fraction having the greatest
activity. Small interfering RNA-mediated knockdown of either
Toll-like receptor (TLR) 2 or TLR6 inhibited the diacylated
lipopeptide- and S aureus membrane—induced TSLP gene
expression. S aureus membrane— and diacylated lipopeptide—
induced release of TSLP was enhanced by Ty2/TNF-a cytokines
and partially suppressed by IFN-y and TGF-f3.

Conclusions: The results suggest that ligands for the
TLR2-TLR6 heterodimer in S aureus membranes, including
diacylated lipoproteins, could promote Ty2-type inflammation
through TSLP production in keratinocytes, providing an
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overall picture of the vicious cycles between colonization by
S aureus and AD in the Ty2-skewed sensitization process,
exacerbation of the disease, or both. (J Allergy Clin Immunol
2010;126:985-93.)
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Staphylococcus aureus heavily colonizes the lesions of patients
with atopic dermatitis (AD).'” Deficiency in the function or ex-
pression of antimicrobial peptides (AMPs) in skin and in the
Tyx2 cytokine milieu accounts for the susceptibility of patients
with AD to S aureus.”* The severity of AD is reduced by treat-
ment with a combination of antistaphylococcal antibiotics and
topical glucocorticoids, suggesting an important contribution of
S aureus to the pathogenesis of AD.*> Very recently, we demon-
strated that S aureus extracellular protease disrupts the epidermal
barrier in mice,® suggesting that it helps environmental allergens
and § aureus—derived molecules penetrate the epidermis. How-
ever, the exact mechanism by which S aureus—derived factors
condition the epidermis to promote a Ty2-skewed sensitization
or the exacerbation of AD is unknown.

Thymic stromal lymphopoietin (TSLP), which is highly
expressed by keratinocytes in the lesions of patients with AD
and by bronchial epithelial cells of asthmatic patients, plays a key
role in allergic diseases.”® TSLP-activated dendritic cells (DCs)
secrete Ty2-recruiting chemokines, but not IL-12, and induce na-
ive T cells to differentiate into inflammatory Ty2 cells producing
IL-4, IL-5, IL-13, and TNF-a through the OX40 ligand. TSLP
similarly activates epidermal Langerhans cells, a subset of
DCs.” The TSLP-activated DCs can cause allergen-specific T2
memory cells to undergo homeostatic expansion and further
Ty2 polarization and to mediate recall responses. TSLP can
also directly act on human mast cells synergistically with IL-
1 and TNF-a to produce IL-5 and IL—13,10 on human CD4% T
cells activated with T-cell receptor stimulation to markedly prolif-
erate,'' on human eosinophils to survive longer and produce
proinflammatory molecules,'” and on human invariant natural
killer T (iNKT) cells to express IL-4 and IL-13 and further
IFN-vy by being cocultured with DCs."? Thus TSLP represents a
critical factor linking responses at interfaces between the body
and environment to allergic type 2 immune responses.

Information on environmental and endogenous triggers for
the release of TSLP in keratinocytes is still limited."* Proinflam-
matory and T2 cytokines act synergistically to induce the release
of TSLP from human skin explants obtained from healthy
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Abbreviations used
AD: Atopic dermatitis
AMP: Antimicrobial peptide
DC: Dendritic cell
FSL-1: (S,R)-(2,3-bispalmitoyloxypropyl)-Cys-Gly-Asp-Pro-
Lys-His-Pro-Lys-Ser-Phe
iNKT: Invariant natural killer T
LTA: Lipoteichoic acid
Pam;CSKy: (S)-[2,3-Bis(palmitoyloxy)-(2-RS)-propyl]-N-palmitoyl-
(R)-Cys-(S)-Ser-(S)-Lys4-OH, 3HCI
PGN: Peptidoglycan
Polyl:C: Polyinosinic-polycytidylic acid
siRNA: Small interfering RNA
SNP: Single nucleotide polymorphism
TLR: Toll-like receptor
Treg: Regulatory T
TSLP: Thymic stromal lymphopoietin

donors.’> Recently, we demonstrated that polyinosinic-
polycytidylic acid (polyl:C), a synthetic double-stranded RNA
recognized by sensors, including Toll-like receptor (TLR) 3, is
a trigger for TSLP production in primary human keratino-
cytes.m'18 An endogenous protease, kallikrein 5, also has been re-
ported to induce TSLP production in keratinocytes through
protease-activated receptor 2."°

S aureus produces various molecules that can stimulate cells
independently of IgE, such as peptidoglycan (PGN), lipoproteins,
and so on.”’ To address the mechanisms by which S aureus
conditions the epidermis, which is composed almost entirely of
keratinocytes, to promote the Ty2-skewed sensitization and exac-
erbation of AD, we examined the ability of synthetic lipopeptides
and S aureus—derived materials to induce production of TSLP
in human keratinocytes and identified the pathway involved.

METHODS

Reagents

The recombinant human cytokines used to stimulate keratinocytes were
TNF-a (20 ng/mL), IL-4 (100 ng/mL), IL-13 (100 ng/mL), IFN-y (100 ng/mL),
TGF-B (10 ng/mL), and IL-17A (IL-17; 100 ng/mL; R&D Systems,
Minneapolis, Minn). The TLR ligands used to stimulate keratinocytes were
(S,R)-(2,3-bispalmitoyloxypropyl)-Cys-Gly-Asp-Pro-Lys-His-Pro-Lys-Ser-
Phe (10-1000 ng/mL; (FSL-1; InvivoGen, San Diego, Calif); (S)-[2,3-Bis
(palmitoyloxy)-(2-RS)-propyl]-N-palmitoyl-(R)-Cys-(S)-Ser-(S)-Lys4-OH,
3HCI (5 pg/mL; Pam3;CSK,; Calbiochem, San Diego, Calif); PGN from S au-
reus (20 wg/mL; Sigma, St Louis, Mo); and polyI:C (10-1,000 ng/mL; GE
Healthcare, Buckinghamshire, United Kingdom).

Subcellular fractionation of S aureus

S aureus strain MW2, which was isolated from a patient with fatal septice-
mia and septic arthritis,?' was subjected to subcellular fractionation (subcellu-
lar secreted, cell-wall, membranous, and cytoplasmic fractions), basically as
described by Baba and Schneewind.?? Concentrations of the subcellular frac-
tions were expressed in units per milliliter (1 U corresponds to the sample pre-
pared from 1 mL of overnight bacterial culture of approximately 3 X 10°
bacterial cells). For further information, see the Methods section in this arti-
cle’s Online Repository at www.jacionline.org.

Preparation of heat-killed S aureus
D-YSD1 and D-ISK1 were S aureus strains isolated from patients with AD.
S aureus strains MW2, D-YSD1, and D-ISK1 were grown to the stationary
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phase. The S aureus cells were harvested, followed by heat inactivation. For
further information, see the Methods section in this article’s Online
Repository.

Cell culture and stimulation of keratinocytes

Primary human keratinocytes (Cascade Biologics, Portland, Ore) were
cultured and stimulated with TLR ligands or materials from S aureus with or
without cytokines.'® Culture supernatants for ELISA and total RNAs for
quantitative real-time PCR were recovered. In some experiments, as de-
scribed in the figure legends, keratinocytes were induced to differentiate by
FBS and were stimulated, and culture supernatants for ELISA were recov-
ered. For further information, see the Methods section in this article’s Online
Repository.

ELISA and real-time quantitative PCR

Concentrations of cytokines and chemokines were measured with ELISA
kits (DuoSet, R&D Systems). Total RNA was extracted from the cells, and
cDNA was synthesized as described previously.'® Real-time quantitative PCR
was performed by using the Tagman method with an ABI7500 device (Ap-
plied Biosystems, Piscataway, NJ). The mRNA level was normalized to the
gene expression of B-actin and is shown relative to the control group.

Transfection of keratinocytes with small interfering
RNA

Keratinocytes were transfected with small interfering RNAs (siRNAs) for
TLR1, TLR2, and TLR6 and control siRNAs with a similar guanine-
cytosine content to the TLR siRNAs and were stimulated with FSL-1 or the
S aureus membranous fraction. The expression of mRNA at 4 hours after
stimulation relative to that in medium was analyzed by means of quantita-
tive real-time PCR. For further information, see the Methods section in
this article’s Online Repository.

Statistical analysis
A 1-way ANOVA or the Mann-Whitney U test (2-tailed) was used. P values
of less than .05 were regarded as statistically significant.

RESULTS
Diacylated lipopeptide induced release of TSLP in
keratinocytes

We examined whether PGN from S aureus, the synthetic triacy-
lated lipopeptide Pam3;CSK,, and the synthetic diacylated lipo-
peptide FSL-1 induce the release of TSLP. Keratinocytes
treated with FSL-1 released detectable amounts of TSLP and
IL-8 (Fig 1). PGN and Pam;CSK, did not induce the release of
TSLP at the concentrations tested. Pam;CSK, induced the release
of IL-8 but not TSLP.

The stimulation of keratinocytes with FSL-1 induced the gene
(Fig 2, A) or protein (Figs 1 and 2, B) expression of not only TSLP
but also other proinflammatory molecules, whereas PamzCSK,
induced lower levels or no significant upregulation of their
expression.

Diacylated lipopeptide-induced TSLP gene
expression was dependent on expression of TLR2
and TLR6 in keratinocytes

TLR2 forms a heterodimer with either TLR6 or TLR1 for the
specific recognition of diacylated or triacylated lipoproteins/
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FIG 1. FSL-1 induced the release of TSLP in keratinocytes. Keratinocytes
were stimulated with PGN (20 wg/mL), triacylated lipopeptide (Pam3CSK,, 5
wg/mL), or diacylated lipopeptide (FSL-1, 1 wg/mL). A, TSLP. B, IL-8. Broken
line, Minimum detection limit. Data shown are the means * SDs for 3 wells
and are representative of 3 independent experiments with similar results.
*P < .001 versus the medium by means of ANOVA with the Tukey multiple
comparison test.

lipopeptides, respectively.>** The gene expression of TLRI,
TLR2, or TLR6 was knocked down by siRNAs to identify the
receptors that recognize FSL-1 and contribute to the expression
of TSLP in keratinocytes (Fig 3, A). Knockdown of TLR2 and
TLR6, but not TLR1, significantly suppressed the FSL-1-induced
gene expression of TSLP, resulting in a 67%, 82%, and 8%
reduction by siRNA for TLR2, TLR6, and TLRI1, respectively
(Fig 3, B).

Th2 cytokines and TNF-« upregulated diacylated
lipopeptide-induced release of TSLP in
keratinocytes

To test whether a cytokine milieu that mimics the atopic
environment modulates the diacylated lipopeptide-induced re-
lease of TSLP, we examined whether TNF-a together with the
Ty2 cytokines IL-4 and IL-13 (Ty2/TNF cytokines) enhances the
release of TSLP. FSL-1 alone at 0.1 and 1 pwg/mL or Ty2/TNF
cytokines without FSL-1 significantly induced the release of
TSLP, whereas the combination of FSL-1 and Ty2/TNF cytokines
enhanced the release of TSLP and IL-8 (Fig 4).

S aureus membrane induced TSLP gene expression
in a manner dependent on expression of TLR2 and
TLR6 in keratinocytes

In patients with AD, colonization of lesional skin by S aureus is
greater than colonization of nonlesional skin,! and TSLP is over-
expressed in keratinocytes in the lesions.” Very recently, diacy-
lated®® and triacylated”’ lipoproteins have been identified in S
aureus. To test whether S aureus—derived molecules induce
TSLP expression similarly to the synthetic diacylated lipopeptide,
we examined the response of keratinocytes to S aureus—derived
materials (Figs 5-8).

Stimulation of keratinocytes with the membranous fraction of §
aureus induced the gene expression of TSLP and IL-8 similarly to
FSL-1 (Fig 5, A). Knockdown of the expression of TLR2 and
TLR6, but not TLR1, suppressed the membrane-induced TSLP
gene expression, resulting in an 85% and 90% reduction by siR-
NAs for TLR2 and TLR6, respectively (Fig 5, B and C; see also
Fig El in this article’s Online Repository at www.jacionline.org).

Levels of mRNA for TLR1, TLR2, and TLR6 in unstimulated
keratinocytes were determined. The average ratio of their
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expression levels in 5 independent experiments was approxi-
mately 10:40:1, respectively (Fig 5, D).

S aureus membrane induced release of TSLP in
keratinocytes

Next we examined the release of the TSLP protein in the
response of keratinocytes to subcellular fractions of S aureus
(Fig 6). In Figs 6 to 8 keratinocytes were induced to differentiate
by culturing with 5% FBS before stimulation. The S aureus mem-
brane—induced release of TSLP protein was efficient and highly
reproducible in the differentiated keratinocytes, although undif-
ferentiated keratinocytes released detectable amounts of TSLP
in response to the S aureus membrane (our unpublished
observations).

Supernatants of the overnight bacterial culture and fractions of
the bacterial cell wall, membrane, and cytoplasm induced the
release of TSLP and IL-8 (Fig 6, A and B). The membranous frac-
tion achieved the most efficient release of TSLP (Fig 6, A). The
membranous fraction, synthetic diacylated lipopeptide (FSL-1),
and synthetic double-stranded RNA (polyl:C) induced TSLP’s
release in a dose-dependent manner, but the synthetic triacylated
lipopeptide (Pam3zCSKy) did not (Fig 6, C).

Effect of cytokines on S aureus membrane- and
diacylated lipopeptide-induced release of TSLP in
keratinocytes

Next we tested whether the cytokine milieu modulates the
S aureus membrane— and FSL-1-induced release of TSLP in the
differentiated keratinocytes (Fig 7). IFN-y, TGF-B, IL-17, and
Tu2/TNF cytokines could be provided by cells such as Ty1 cells,
regulatory T (Treg) cells, Ti17 cells, and inflammatory Th2 cells,
respectively.®®

IFN-y and TGF-3 showed partial inhibition of the release of
TSLP induced by FSL-1, the S aureus membranous fraction,
Ty2/TNF cytokines, and the S aureus membranous fraction
plus Ty2/TNF cytokines in the differentiated keratinocytes (Fig
7, A, IFN-y and TGF-f). IL-17 showed smaller inhibition of
the release of TSLP induced by FSL-1 and Ty2/TNF cytokines
(Fig 7, A, IL-17). IFN-y and TGF-f3 showed partial inhibition
of the induction of IL-8, whereas IL-17 showed enhancement
(Fig 7, B).

Heat-killed S aureus induced release of TSLP in
keratinocytes

Heat-killed whole bacterial cells of S aureus strains isolated
from patients with AD, the D-YSD1 and D-ISK1 strains, showed
the capacity to induce the release of TSLP and IL-8 similarly to
the MW?2 strain in the differentiated keratinocytes, and the release
was enhanced in the presence of TNF-a (Fig 8).

DISCUSSION

The human innate immune system recognizes bacterial lipo-
proteins through TLR2. Some recent reports revealed that, among
bacterial products reported as TLR2 agonists, only lipoproteins/
lipopeptides are sensed at physiological concentrations by TLR2
and suggested that the TLR2 agonistic activity of the fractions
prepared from bacteria, such as PGN and lipoteichoic acid (LTA),
is likely due to contaminating, highly active natural lipoproteins/
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FIG 2. FSL-1 induced upregulation of the expression of TSLP and other proinflammatory molecules in
keratinocytes. A, Levels of mRNA are presented relative to the medium at 4 hours. B, Protein concentrations
in the culture supernatant. Data shown are the values for single wells (Fig 2, A) and means + SDs for 3 wells
(Fig 2, B) and are representative of 3 independent experiments with similar results. *P < .05 versus the
medium and #P < .05 versus Pam3zCSK, by means of ANOVA with the Tukey multiple comparison test
(Fig 2, B). Levels of cytokines (TSLP, TNF-a, IL-6, and GM-CSF), chemokines (CCL2/monocyte chemoattrac-
tant protein 1 [MCP-1], CCL5/RANTES, CCL20/macrophage inflammatory protein 3a [MIP-3«], CCL27/
cutaneous T cell-attracting chemokine [CTACK], CXCL8/IL-8, and CXCL10/IFN-inducible protein 10
[IP-10]), and an adhesion molecule (CD54/intercellular adhesion molecule 1 [I[CAM-1]) were measured.
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FIG 3. Knockdown of TLR2 and TLR6 inhibited the FSL-1-induced TSLP mRNA expression in keratinocytes.
A and B, Keratinocytes transfected with siRNAs by using lipofectamine2000 (LA2000) were stimulated with
FSL-1 (1 pg/mL). L and M, Thirty-five percent to 45% and 45% to 55% guanine-cytosine content, respectively.
TLR1-siRNA1, TLR2-siRNA3, and TLR6-siRNA3 were used. Data shown are the values for single wells and
representative of 3 independent experiments with similar results.

lipopeptides.26’27’29’30 TLR2 forms a heterodimer with either
TLR6 or TLR1 for the specific recognition of diacylated or triacy-
lated lipoproteins/lipopeptides, respectively.23 2 In the present
study we demonstrated that FSL-1 (a chemically synthesized lip-
opeptide composed of the diacylated N-terminal moiety of a My-
coplasma species—derived lipoprotein),31 subcellular fractions of

S aureus, and heat-killed whole bacterial cells of S aureus can
stimulate human keratinocytes to release TSLP protein (Figs 1,
6, and 8). The S aureus membrane upregulated TSLP mRNA ex-
pression in a manner dependent on the expression of TLR2 and
TLR6 (Fig 5 and Fig E1), as well as FSL-1 (Figs 2 and 3), although
a disproportion between the expression levels of TLR2 and TLR6



J ALLERGY CLIN IMMUNOL
VOLUME 126, NUMBER 5

>

FSL-1
~O- {Th,/TNF

-@- FSL-1

TSLP (pg/ml)
IL-8 (pg/ml)

0 10 100 1000 0 10 100 1000
FSL-1 (ng/ml) FSL-1 (ng/ml)

FIG 4. Ty2 cytokines and TNF-a upregulated the FSL-1-induced release of
TSLP in keratinocytes. A, TSLP. B, IL-8. Broken line, Minimum detection
limit. Data shown are the means = SD for 3 wells and representative of 3
independent experiments with similar results. *P < .001 versus without
FSL-1 and #P < .001 versus without Ty2/TNF-a by means of ANOVA with
the Tukey multiple comparison test.

was observed (Fig 5, D, and our unpublished data obtained by
means of flow cytometry). The S aureus membrane— and diacy-
lated lipopeptide—induced release of TSLP were enhanced in the
atopic cytokine milieu (Figs 4, A, and 7, A, + Ty2/TNF) and
was partially inhibited in the presence of IFN-y and TGF-$3 (Fig
7,A). The results suggest that the colonization by S aureus contrib-
utes to the pathogenesis or exacerbation of AD, being linked with
TSLP expression through activation of the TLR2-TLR6 hetero-
dimer by diacylated lipoproteins of S aureus (see Fig E2, A, in
this article’s Online Repository at www.jacionline.org), and that
the cytokine milieu positively or negatively modulates the vicious
cycles (see Fig E2, B). Cell numbers of heat-killed S aureus by
area unit in the culture plates (7.67 log cells/cm” in Fig 8 and
6.67 log cells/cm? in our unpublished data), which can induce
the detectable amount of TSLP, are considered relevant in S aureus
colonization in the skin lesions of patients with AD according to
our calculation on the basis of the values reported previously
(such as by Travers et al**: the mean = SD of log cells/cm® =
5.1 £ 2.0 = 3.1-7.1 and >7.6 at the maximum levels).

Induction of TSLP by S aureus and lipopeptide
through the TLR2-TLR6 pathway

The subcellular fractions of S aureus induced the release of
TSLP in keratinocytes (Fig 6, A), although in the preparation of
the cell-wall fraction, the rigid cell-wall structure was disrupted
by enzymatic degradation of PGN with lysostaphin.22 The mem-
branous fraction was most efficient at releasing TSLP (Fig 6, A).
The prolipoprotein diacylglyceryl transferase Lgt transfers a diac-
ylglyceride moiety to bacterial proteins, and subsequent cleavage
of the signal peptide results in diacylated lipoproteins. Subse-
quently, the apolipoprotein N-acetyltransferase Lnt adds a third
fatty acid to the diacylated lipoproteins, resulting in triacylated
lipoproteins.?® The lack of conventional Lnt in § aureus suggests
the efficient accumulation of diacylated lipoproteins in mem-
branes, and very recently, Tawaratsumida et al*® identified diacy-
lated lipoproteins in the S aureus membrane. These results
support our finding that the induction of TSLP expression by
the S aureus membrane in keratinocytes is mostly dependent on
TLR2 and TLR6 (Figs 5 and 6 and see Fig E1), those components
of the heterodimeric receptor essential to the recognition of diacy-
lated lipoproteins/lipopeptides.23’24

The synthetic triacylated lipopeptide Pam;CSKy, a ligand for
the TLR2-TLR1 heterodimer, and PGN did not induce the release
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FIG 5. S aureus membranous fraction induced an upregulation of the gene
expression of TSLP in a manner dependent on the expression of TLR2 and
TLR6 in keratinocytes. A, Dose dependency. B and C, Keratinocytes trans-
fected with siRNAs were stimulated with the membranous fraction of the
S aureus MW2 strain (1.7 U/mL). L and M, Thirty-five percent to 45% and
45% to 55% guanine-cytosine content, respectively. TLR1-siRNA1, TLR2-
siRNA3, and TLR6-siRNA2 were used. Data shown are the values for single
wells (Fig 5, A) or the means + SDs for 3 wells (Fig 5, Band C) and are rep-
resentative of 3 independent experiments with similar results. *P < .05,
**P < .01, and #P < .001 versus the control siRNA by means of ANOVA
with the Tukey multiple comparison test (Fig 5, Band C). D, mRNA expres-
sion of TLRs relative to the average of TLR6 expression. Data shown are the
means *= SDs for 5 independent experiments. *P < .05 and **P < .01 by us-
ing the Mann-Whitney U test (2-tailed).

of a detectable amount of TSLP, but the TLR2-TLR6 ligand FSL-
1 did, even at a lower concentration (Figs 1 and 6, C). Pam;CSK,
induced an upregulation of TSLP gene expression in keratino-
cytes, although inefficiently compared with FSL-1 (Fig 2, A).
Kurokawa et al*” identified an S. aureus triacylated lipoprotein,
suggesting the presence of another type of N-acetyltransferase
not homologous to the conventional Lnt. Therefore we do not ex-
clude the possibility that Pam;CSK,, the PGN preparation, or the
S aureus—derived triacylated lipoprotein could induce release of
TSLP in keratinocytes in other experimental conditions, such as
at higher concentrations. However, TLR1 was expressed at a
higher level than TLR6 at the mRNA level (Fig 5, C), which is
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with the subcellular fractions of the S aureus MW?2 strain. C and D, Dose dependency of the release of TSLP
(Fig 6, C) and IL-8 (Fig 6, D) by the S aureus membranous fraction, FSL-1, Pam3CSK,, and polyl:C. Broken
line, Minimum detection limit. Data shown are the values for single wells (Fig 6, A and B) or the means *+
SDs for 3 wells (Fig 6, C and D) and are representative of 3 independent experiments with similar results.

consistent with the findings of Kollisch et al.**> Although the cause

of the discrepancy is unknown, the ligand content in S aureus, the
amino acid sequence, the receptor-ligand binding affinity, or ex-
pression levels of other coreceptors in keratinocytes might affect
the keratinocyte response to S aureus lipoproteins and the syn-
thetic lipopeptides.

Vicious cycles between S aureus and AD and
modulation by the cytokine milieu

The important contribution of S aureus to the worsening of AD
has been suggested.'> Our demonstration that S aureus—derived
factors induce TSLP expression in human keratinocytes (Figs 5
and 6), along with our very recent finding that extracellular prote-
ase of S aureus induced epidermal barrier dysfunction in vivo in
mice,® can well explain how colonization by S aureus contributes
to the pathogenesis or exacerbation of AD (see Fig E2, A). First, §
aureus could disrupt the skin barrier or enhance barrier dysfunc-
tion, a genetically disposed condition®* or else one usually ob-
served in infancy, by the S aureus protease,6 obtaining access to
keratinocytes. In the second step the S aureus—derived ligands
for the TLR2-TLR6 heterodimer could induce expression of
TSLP, the master switch for Ty2 responses, in keratinocytes
(Figs 5 and 6), leading to T2 skewing in the sensitization to en-
vironmental allergens and S aureus—derived allergens35’36
through the skin, the exacerbation of AD, or both.

A combination of TNF-a and the T2 cytokines IL-4 and IL-13
that mimics the atopic environment (Figs 4, A and 7, A, + T2/

TNF) or TNF-« alone (Fig 8, A, + TNF-a) enhanced the S au-
reus—induced release, diacylated lipopeptide—induced release,
or both of TSLP in keratinocytes. Although contribution of the
Ty2 cytokines to the S aureus— and diacylated lipopeptide—
induced TSLP production is yet to be investigated, proinflamma-
tory and T2 cytokines have been reported that act synergistically
to induce the release of TSLP from human skin explants obtained
from healthy donors.'” The release of TSLP induced by S aureus
could be more effective in AD skin than in healthy skin because
AD is associated with Ty2 inflammation and allergen-specific
IgE, which stimulates mast cells and basophils to produce such
cytokines through the high-affinity IgE receptor on exposure to al-
lergens. The T2 cytokine milieu in the skin could promote col-
onization by S aureus through a reduction in the expression of
inducible AMPs? and inhibition of the mobilization of an AMP,
[3-defensin 3,% and could reduce the skin barrier function through
areduction in the expression of ﬁlaggrin,37 which is critical for an
effective skin barrier and whose genetic mutations are a major
predisposing factor for AD,*in cooperation with S aureus prote-
ase,’ enabling the exposure of keratinocytes to S aureus—derived
factors. In turn, the colonization could exacerbate the Ty2-type
inflammation by inducing expression of TSLP, which contributes
to differentiation of Ty2/TNF-producing inflammatory Ty2
cells,® in keratinocytes (Figs 5 and 6) synergistically with the
Ty2 and inflammatory microenvironment (Ty2/TNF cytokine
milieu; Figs 4, A, and 7, A, + Ty2/TNF). This clearly explains
the mechanism behind the vicious cycle between AD and S aureus
colonization (see Fig E2, A).



J ALLERGY CLIN IMMUNOL
VOLUME 126, NUMBER 5

A . 1
e
— 50
-'E‘ 40
g * * ¥
— *
a 30 * *
B
20 .
* *
hnnf il
50000
40000
£
S 30000
=
[++]
20000
10000
o
5 r@aN § o~ [ ean oo 5 T
S2TT 22Ut E2UT 2xUs Exis
e v cw s cw V= cwe= = cw =
s~ K S F G~ F o= 6~ K
o] J [v] [v] v)
Medium FSL-1 S. aureus Th,/TNF S.aureus
(1 pg/ml)  membrane membrane
(1 U/ml)

5
Th,/TNF

FIG 7. Effect of cytokines on S aureus membrane- and FSL-1-induced re-
lease of TSLP in keratinocytes. Keratinocytes were induced to differentiate
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on stimulation with the membranous fraction of the S aureus MW2 strain
was measured. Broken line, Minimum detection limit. Data shown are the
means *= SDs for 3 wells and representative of 3 independent experiments
with similar results. *P < .05 versus the medium by means of ANOVA with
the Newman-Keuls multiple comparison test.

Interestingly, direct action of TSLP on iNKT cells to secrete
IL-4 and IL-13 and further IFN-y by being cocultured with DCs
was reported.'? iNKT cells migrate into the AD skin lesions,*®
and their numbers in the skin lesions were greater in patients
with severe AD than in those with mild and modest AD."® Taken
together with our results in the present study, TSLP being consti-
tutively induced by S aureus in keratinocytes might stimulate the
iNKT cells in the AD skin lesions to secrete the Ty2 cytokines,
forming another vicious cycle between colonization by S aureus
and AD. Direct action of TSLP on mast cells, '° T cells,'! and eo-
sinophils12 can also contribute to the worsening of AD.

Previously, we demonstrated that IFN-y, TGF-$3, and IL-17
significantly suppressed polyl:C-induced release of TSLP in
keratinocytes in vitro.'® In the present study we examined their
capacity to modulate the S aureus membrane— and diacylated lip-
opeptide—induced release of TSLP in differentiated keratinocytes.
IFN-vy and TGF-f partially inhibited the TSLP induction (Fig 7,
A), suggesting that the interaction of keratinocytes with Tyl or
Treg cells could limit TSLP’s release in S aureus-stimulated ke-
ratinocytes, even in the presence of Ty2/TNF cytokines. How-
ever, cytokine switch from Ty2 in the acute phase to Tyl in the
chronic phase is accepted for AD; apoptosis induction in keratino-
cytes indirectly by IFN-y has been interpreted as an important
event in eczema, mainly in patients with AD*; and staphylococ-
cal enterotoxin B inhibits natural Treg cells in vitro, although pa-
tients with AD have increased numbers of peripheral blood Treg
cells.*® Recently, Koga et al*' reported that the percentage of
Ty17 cells in peripheral blood was higher in patients with AD
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FIG 8. Heat-killed bacterial whole cells of S aureus strains isolated from
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are the means + SDs for 3 wells and representative of 3 independent exper-
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parison test.

and that IL-17% cells infiltrated in the papillary dermis of patients
with atopic eczema more markedly in acute lesions than in
chronic lesions. IL-17 has been suggested to have important roles
in skin innate immunity.*? Interestingly, very recently, IL-17 pro-
duced by epidermal y3T cells was reported to be essential for host
defense against cutaneous S aureus infection in mice.** Overall
relevance of [FN-vy, TGF-[3, and IL-17 to suppression or worsen-
ing of AD in the acute and chronic phases remains to be eluci-
dated. Possible contribution of IFN-y, TGF-B, IL-17, IL-22
(another Ty17-derived cytokine), and so on to the modulation
of the vicious cycles between S aureus and AD is schematically
represented in Fig E2, B.

Gene-environment interaction

Two single nucleotide polymorphisms (SNPs) in the human
TLR2 gene, Arg753GIn within the intracellular portion®®**** and
A-16934T in the promoter region,*® have been reported to be as-
sociated with the severity of AD in Germany. Monocytes from
patients with AD with the TLR2 Arg753Gln SNP produced
more IL-6 after stimulation with LTA or PGN** but less IL-8 after
stimulation with PGN* than did those from patients with AD
without the mutation. Monocytes from patients with AD homozy-
gous for the TLR2 —16934-A allele produced more IL-6 after
stimulation with Pam;CSK, than did those of patients homozy-
gous for the TLR2 —16934-T allele.*® Whether keratinocytes
from patients with AD show higher TSLP responses to S aureus
and diacylated lipopeptide than those from healthy donors and
how these SNPs function in the S aureus— or diacylated lipopep-
tide—dependent TSLP production seen in keratinocytes should be
examined in future studies.

Interestingly, Travers et al*> very recently found that lesional
skin of patients with AD with S aureus contained a considerable
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amount of LTA by detecting a protein reported to be associated
with the LTA fraction. Severity of AD is also associated with
the amount of § aureus DNA in dust from the bed and floor,*” sug-
gesting that exposure to S aureus—derived factors in the home
might also contribute to the severity and persistence of AD. We
assume the amount of LTA* or S aureus DNA*" to correlate
with that of S aureus lipoproteins/lipopeptides on the skin or in
the indoor environment, respectively.

In summary, the effect of synthetic lipopeptides (Figs 1-4 and
6), subcellular fractions of S aureus (Figs 5 and 6 and see Fig
E1), and heat-killed whole bacterial cells of S aureus strains, in-
cluding those isolated from patients with AD (Fig 8), on human
keratinocytes suggests a contribution of S aureus—derived factors,
including diacylated lipoproteins/lipopeptides, to Ty2-type in-
flammation in the skin through expression of TSLP induced
through the TLR2-TLR6 pathway. The dependency on TLR2 of
the TSLP expression induced by the membranous fraction of §
aureus (Fig 5, B and C) supports the recent findings that SNPs
in the human TLR2 gene are associated with the severity of
AD %46 Given that the Ty2 cytokine milieu suppresses the
function® or induction® of AMPs to kill S aureus and downregu-
lates filaggrin expression®’ and that S aureus protease disrupts ep-
idermal barrier function,® the present article helps provide an
overall picture of the vicious cycles between S aureus coloniza-
tion and AD (see Fig E2, A) and that of possible regulation of
the cycles by other cytokine milieus (Fig 7 and see Fig E2, B).
A reduction in levels of S aureus, a trigger of TSLP expression,
is considered beneficial to the treatment of AD, and the recent elu-
cidation of the structural basis of the ligand’s recognition by the
TLR2-TLR6 heterodimer®* could lead to new therapeutic ap-
proaches (ie, the development of safe and effective topical drugs
that specifically antagonize the TLR2-TLR6 pathway).

We thank Mutsuko Hara, Xiao-Ling Wang, and Takasuke Ogawa for
technical advice on keratinocyte culture and stimulation; Naoki Shimojo and
Shingo Ochiai for technical advice on preparation of heat-killed S aureus; and
Michiyo Matsumoto for secretarial assistance.

Clinical implications: S aureus induces TSLP in keratinocytes
through TLR2-TLR6, providing evidence of the vicious cycle

between colonization by S aureus and AD and suggesting new
drug targets in the treatment of AD.
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METHODS

Subcellular fractionation of S aureus

S aureus strain MW2F! was grown overnight in tryptic soy broth (Becton,
Dickinson, and Company, Sparks, Md) at 37°C and subjected to subcellular
fractionation, basically as described by Baba and Schneewind.®* Briefly, the
cell wall was enzymatically solubilized by lysostaphin in a buffer osmotically
equivalent to the cytoplasm after removal of the culture medium as an extra-
cellular fraction. Isolation of the cell-wall fraction by means of centrifugation
was then followed by the resuspension of protoplasts in the membrane buf-
fer.F? Freeze-thaw cycles were repeated 5 times to disturb the integrity of
the cytoplasmic membrane that was recovered by means of subsequent ultra-
centrifugation. The supernatant after ultracentrifugation was then isolated as
the cytoplasm. The membrane was resuspended in the membrane buffer by
means of serial passage through a 27-gauge syringe needle, and the suspension
was used for experiments.

Preparation of heat-killed bacterial cells of S aureus

strains

S aureus strains were grown in tryptic soy broth at 37°C to the stationary
phase. Cell numbers were determined by means of measurement of optical
density at 562 nm with Novaspecll (Amersham, Amersham, United King-
dom). The S aureus cells were harvested by means of centrifugation, followed
by heat inactivation by means of incubation at 70°C for 60 minutes.

Cell culture and stimulation of keratinocytes

Primary human keratinocytes (Cascade Biologics, Portland, Ore) were
cultured in EpiLife KG2 (Kurabo, Osaka, Japan) supplemented with 0.1 ng/
mL epidermal growth factor, 10 pg/mL insulin, 0.5 pg/mL hydrocortisone, 50
ng/mL gentamicin, 50 ng/mL amphotericin B, and 0.4% vol/vol bovine brain
pituitary extract. Cells were seeded at 8 X 10* cells/well in flat-bottomed
96-well microculture plates (for ELISA) or 7 X 10* in 12-well plates (for
PCR) and 3 X 10* in 24-well plates (for PCR and multiple-cytokine ELISA)
and cultured until 100% confluent. The medium was then changed to one with-
out hydrocortisone.E3 After a further 24 hours in culture, cells were stimulated
with TLR ligands or materials from S aureus with or without cytokines in fresh
medium without hydrocortisone. Culture supernatants for ELISA were recov-
ered at 24 hours after stimulation. Total RNAs for quantitative real-time PCR
were recovered at 4 hours, 8 hours, or both after stimulation.

In some experiments, as described in the figure legends, keratinocytes were
induced to differentiate by FBS as follows. Cells were cultured until they
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reached 70% to 80% confluence, and the medium was changed to one with the
supplements and 5% FBS and renewed every 3 days. Atday 9, the medium was
replaced with that not containing FBS. At day 10, the keratinocytes were
stimulated in fresh medium without hydrocortisone and FBS. Culture
supernatants for ELISA were recovered at day 12 (48 hours after stimulation).

Transfection of keratinocytes with siRNA

Cells were cultured until 70% to 80% confluent; then the medium was
changed to basal medium without the supplements, and the cells
were incubated for 8 hours. Keratinocytes were transfected with the
following Stealth siRNAs using Lipofectamine2000 (Invitrogen, Carlsbad,
Calif): TLRI-siRNA1, 5'-AGACCUUGCUGAUAUUCAAAUGAGC-3';
TLR2-siRNA3, 5-UUCAGAGUGAGCAAAGUCUCUCCGG-3'; TLR6-
siRNA2, 5'-UGGGAAUGCUGUUCUGUGGAAUGGG-3'; TLR6-siRNA3,
5'-AAUAAGUCCGCUGCGUCAUGAGAGC-3'. We also used control siR-
NAs with a similar guanine-cytosine content to the TLR siRNAs (Stealth
RNAI negative universal controls LO#2 and Med#2, Invitrogen). Lipofect-
amine2000 (2 pL) was mixed with 2 pL of a 20 wmol/L siRNA solution and
100 L of OPTI-MEM (Gibco BRL, Gaithersburg, Md). After incubation for
30 minutes at room temperature, basal medium without the supplements was
added to a total volume of 600 L. Then 600 or 400 wL of solution was added
per well to the 12-well or 24-well plates, respectively. After cultivation with
siRNAs overnight, the medium was changed to hydrocortisone-free medium.
After further cultivation for 24 hours, keratinocytes were stimulated with FSL-
1 or the S aureus membranous fraction in hydrocortisone-free medium. The
expression of mRNA at 4 hours after stimulation relative to that in the medium
was analyzed by means of quantitative real-time PCR.
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FIG E1. Knockdown of TLR2 and TLR6 inhibited S aureus membrane-induced upregulation of TSLP mRNA
expression in keratinocytes. In Fig 5, B and C, the level of TLR1 mRNA after stimulation with the membra-
nous fraction was suppressed by means of TLR1 siRNA compared with the control siRNA with the low gua-
nine-cytosine content but was higher than that seen in unstimulated keratinocytes (Fig 5, B, TLRT mRNA).
Therefore results obtained in another experiment, in which the level of TLR1 mRNA in keratinocytes trans-
fected with TLR1 siRNA was lower after stimulation than in the unstimulated keratinocytes, are shown here.
Relatively little inhibition of the upregulation of TSLP gene expression by TLR1 siRNA (32% reduction) com-
pared with that by TLR2 and TLR6 siRNAs (88% and 72% reduction respectively) was observed (Fig E1, B),
suggesting that the S aureus membranous fraction induces TSLP in keratinocytes through the TLR2-TLR6
pathway similarly to that seen in Fig 5, B and C. Keratinocytes transfected with siRNAs using Lipofect-
amine2000 (LA2000) were stimulated with S aureus membrane (1.7 U/mL). L and M, Thirty-five percent to
45% and 45% to 55% guanine-cytosine content, respectively. TLR1-siRNA1, TLR2-siRNA3, and TLR6-
siRNA2 were used.
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FIG E2. Vicious cycles between colonization with S aureus and AD and modulation by cytokine milieu.
A, Vicious cycles between colonization by S aureus and AD. S aureus—derived TLR2-TLR6 ligands and extra-
cellular proteases promote AD. In turn, the inflammatory T2 (T2/TNF) cytokine milieu in patients with AD
further promotes the S aureus colonization. B, The cytokine milieu modulates the vicious cycles. For further

information, see the Discussion section.
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