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Cytokine milieu modulates release of thymic stromal
lymphopoietin from human keratinocytes stimulated with
double-stranded RNA
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Background: Thymic stromal lymphopoietin (TSLP) plays a key
role in allergic diseases, such as atopic dermatitis (AD) and
asthma. TSLP is highly expressed by keratinocytes in skin
lesions of patients with AD, but environmental triggers for its
release from keratinocytes with endogenous factors are not well
understood. Patients with AD, in whom allergic sensitization is
already established, are susceptible to viral dissemination.
Objectives: We investigated TSLP’s release from primary
human keratinocytes stimulated with a Toll-like receptor (TLR)
3 ligand, polyinosinic-polycytidylic acid, which mimics viral
double-stranded RNA (dsRNA), and its modulation by
cytokines.
Methods: Primary human keratinocytes were stimulated with
TLR ligands, cytokines, or both. TSLP released into culture
supernatants was measured by means of ELISA.
Results: Stimulation of keratinocytes with dsRNA induced
release of TSLP and upregulated gene expression of TSLP and
other cytokines and chemokines. The release of TSLP was
enhanced by the addition of IL-4, IL-13, and/or TNF-a. With or
without the TH2/TNF cytokines, the dsRNA-induced release of
TSLP was upregulated by IFN-a and IFN-b and suppressed by
IFN-g, TGF-b, or IL-17.
Conclusions: The effect of the TLR3 ligand on keratinocytes
suggests contribution of viral dsRNA to skin inflammations
under the influence of a cytokine milieu. The results imply that
viral dsRNA and a TH2 cytokine milieu might promote TH2-
type inflammation through an induction of TSLP expression,
suggesting that a vicious cycle exists between AD with TH2-type
inflammation and viral infections and a possible blockade of this
cycle by other cytokine milieus provided by cells, such as TH1,
regulatory T, and TH17 cells. (J Allergy Clin Immunol
nnnn;nnn:nnn-nnn.)
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Recent findings indicate that thymic stromal lymphopoietin
(TSLP), an IL-7–like cytokine, plays a key role in allergic
inflammation.1,2 TSLP is highly expressed by keratinocytes in
skin lesions of patients with atopic dermatitis (AD)3 and airway
epithelial cells of patients with asthma.4 TSLP was found in kerat-
inocytes of skin lesions of patients with acute and chronic AD but
not in their nonlesional skin and lesions of patients with nickel-
induced allergy contact dermatitis or cutaneous lupus erythemato-
sus.3 TSLP-activated dendritic cells (DCs) secrete TH2-recruiting
chemokines but not IL-12 and induce naive T cells to differentiate
into inflammatory TH2 cells, producing IL-4, IL-5, IL-13, and
TNF-a through OX40 ligand.1,2,5 TSLP similarly activates epider-
mal Langerhans cells, a subset of DCs.6 The TSLP DCs can induce
allergen-specific TH2 memory cells to undergo homeostatic
expansion and further TH2 polarization and to mediate recall
responses.7 In support of the findings in human subjects, mice
with keratinocyte- or lung-specific overexpression of TSLP have
an AD- or asthma-like phenotype,8,9 and mice lacking the TSLP
receptor have considerably attenuated disease in asthma
models.9,10 TSLP can also directly act on human mast cells syner-
gistically with IL-1 and TNF-a to produce IL-5 and IL-1311 and on
human CD41 T cells activated with T-cell receptor stimulation to
markedly proliferate.12 Thus TSLP represents a critical factor
linking responses at interfaces between the body and environment
to allergic type 2 immune responses.

In human primary airway epithelial cells, the release of TSLP
in vitro is induced on stimulation with polyinosinic-polycytidylic
acid (poly I:C), mimicking viral double-stranded RNA (dsRNA),
and the proinflammatory cytokines TNF-a and IL-1, mimicking
an inflammatory microenvironment.11 The TH2 cytokines IL-4
or IL-13, mimicking an allergic microenvironment, upregulate
the poly I:C–induced release of TSLP and the level of TSLP
mRNA synergistically with rhinovirus infection,13 suggesting
that viral infections in a TH2 cytokine milieu amplify airway
allergic reactions. Poly I:C also induces TSLP’S release from
human tonsillar epithelial cells.14

In human keratinocytes the environmental factors triggering
TSLP’s release and its modulation with endogenous factors are
not well investigated, although Bogiatzi et al15 have recently re-
ported that proinflammatory and TH2 cytokines act synergisti-
cally to induce the release of TSLP from human skin explants
1
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Abbreviations used
AD: A
topic dermatitis
DC: D
endritic cell
dsRNA: D
ouble-stranded RNA
Pam3CSK4: (
S)-[2,3-Bis(palmitoyloxy)-(2-RS)-propyl]-

N-palmitoyl-(R)-Cys-(S)-Ser-(S)-Lys4-OH, 3HCl
poly I:C: P
olyinosinic-polycytidylic acid
TLR: T
oll-like receptor
Treg: R
egulatory T
TSLP: T
hymic stromal lymphopoietin
obtained from healthy donors. Patients with AD tend to have
widespread disseminated viral infections.16 Disturbed skin bar-
rier17-19 and decreased expression of LL-37,20 which has innate
immune function to control viral replication,21 in AD skin are
considered to provide easier access for the virus and permit its
replication, respectively. In the present study we analyzed TSLP’s
release from primary human keratinocytes stimulated with
dsRNA in the absence or presence of cytokines.

METHODS

Reagents
The following recombinant human cytokines and concentrations were used

to stimulate keratinocytes: 20 ng/mL TNF-a, 100 ng/mL IL-4, 100 ng/mL IL-

13, 100 ng/mL IFN-g, 100 ng/mL IL-10, 10 ng/mLTGF-b, 100 ng/mL IL-17,

100 ng/mL IL-22 (R&D Systems, Minneapolis, Minn), 10 ng/mL (2000 U/

mL) IFN-a, and 100 ng/mL (2000 U/mL) IFN-b (PeproTech, London, United

Kingdom). The following Toll-like receptor (TLR) ligands and concentrations

were used to stimulate keratinocytes: 0.1 to 100 mg/mL poly I:C; 5 mg/mL

(S)-[2,3-Bis(palmitoyloxy)-(2-RS)-propyl]-N-palmitoyl-(R)-Cys-(S)-Ser-(S)-

Lys4-OH, 3HCl (Pam3CSK4; Calbiochem, San Diego, Calif); 20 mg/mL pep-

tidoglycan from Staphylococcus aureus; 20 mg/mL LPS from Escherichia coli

serotype 0111:B4 (Sigma, St Louis, Mo); 20 ng/mL flagellin purified from

Salmonella typhimurium strain 14028 (Alexis Biochemicals, San Diego, Ca-

lif); 20 mg/mL loxoribine; 10 mg/mL CL097 (InvivoGen, San Diego, Calif);

and 5 mmol/L human CpG (Hycult biotechnology, Uden, The Netherlands).

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 mg/mL insulin, 0.5 mg/mL hydrocortisone, 50

mg/mL gentamycin, 50 ng/mL amphotericin B, and 0.4% vol/vol bovine brain

pituitary extract. Cells were seeded at 1 3 104 cells/well in flat-bottomed, 96-

well microculture plates and cultured until they reached 80% confluence, and

then the medium was renewed. After further cultivation for 24 hours, cells

were stimulated with TLR ligands, cytokines, or both in experiments, except

for quantitative PCR for gene expression at 4 and 8 hours, in which the me-

dium used for the stimulation and 24-hour cultivation before the stimulation

did not contain hydrocortisone.
ELISA
Concentrations of TSLP and IL-8 protein were measured by using diluted

(1:2 for TSLP and less than 1:20 for IL-8) culture supernatants collected at 48

hours after the stimulation with ELISA kits (DuoSet, R&D Systems). In this

study the minimum detection limits for TSLP and IL-8 in the supernatants

were 7.8 and 156 pg/mL, respectively.

Real-time quantitative PCR
Total RNA was extracted from cells with RNAspin Mini (GE Healthcare,

Buckinghamshire, United Kingdom) and treated with DNase I (GE
Healthcare) in Fig 1, C, and RNeasy Plus Micro Kit (QIAGEN, Hilden, Ger-

many) in Fig 2. cDNA was synthesized with SuperScript II reverse transcrip-

tase (Invitrogen, Carlsbad, Calif) and random primers. Real-time quantitative

PCR was performed with a TaqMan method with an ABI 7500 (Applied

Biosystems, Piscataway, NJ). The mRNA level was normalized to the gene

expression of glyceraldehyde-3-phosphate dehydrogenase in Fig 1, C, and

b-actin in Fig 2.
Statistical analysis
An unpaired Student t test (2-tailed) or 1-way ANOVAwith the Tukey mul-

tiple comparison test was used. P values of less than .05 were regarded as sta-

tistically significant. Data shown are the means 6 SDs for 3 wells, except for

Fig 2, and are representative of 3 independent experiments.
RESULTS

dsRNA-induced TSLP release from keratinocytes
Primary human keratinocytes were treated with TLR ligands,

including synthetic bacterial lipoprotein Pam3CSK4 (TLR2 lig-
and), peptidoglycan (TLR2 ligand), poly I:C (TLR3 ligand),
LPS (TLR4 ligand), flagellin (TLR5 ligand), loxoribin (TLR7 lig-
and), CL-097 (TLR7/8 ligand), and CpG (TLR9 ligand), to test
for a possible role of the regulation of TSLP’s production by
TLR ligands in keratinocytes. ELISA of the culture supernatants
showed that keratinocytes treated with poly I:C, mimicking viral
dsRNA, released detectable amounts of TSLP (Fig 1, A). The
other ligands tested did not induce TSLP’s release, whereas pep-
tidoglycan and flagellin induced IL-8�s release, although less ef-
fectively than poly I:C (Fig 1, B), which is consistent with other
reports.22,23 The gene expression for TSLP mRNA was signifi-
cantly upregulated by stimulation with poly I:C (Fig 1, C).

Stimulation of keratinocytes with poly I:C induced a more than
10-fold increase of gene expression of TSLP and other cytokines
(TSLP, IFN-b, TNF-a, IL-6, and GM-CSF) and chemokines
(CXCL8/IL-8, CXCL9/monokine induced by IFN-g, CXCL10/
IFN-inducible protein 10, CXCL11/IFN-inducible T-cell a

chemoattractant, CCL2/monocyte chemoattractant protein 1,
CCL5/RANTES, CCL20/macrophage inflammatory protein 3a,
and CCL22/macrophage-derived chemokine; Fig 2).
TH2 cytokines and TNF-a upregulated dsRNA-

induced release of TSLP from keratinocytes
TSLP is highly expressed by keratinocytes in skin lesions of

patients with AD.3 AD skin is characterized by the overexpression
of the TH2 cytokines IL-4 and IL-13.24,25 To test whether a cyto-
kine milieu that mimics the atopic environment modulates poly
I:C–induced release of TSLP, we examined whether a combina-
tion of TNF-a together with the TH2 cytokines IL-4 and IL-13
(TH2/TNF cytokines) would enhance TSLP’s release from kerat-
inocytes (Fig 3, A-C, and Fig 4, A-C). The dose- and time-depen-
dent poly I:C–induced release was markedly upregulated by
costimulation with the TH2/TNF cytokines (Fig 3, A-C). A low
level of TSLP was detectable on stimulation with the TH2/TNF
cytokines without poly I:C (Fig 4, A), supporting a recent study
with skin explants obtained from healthy donors.15 Poly I:C sig-
nificantly induced TSLP’s release and was most effective in the
presence of both TNF-a and one of the 2 TH2 cytokines IL-4
and IL-13 (Fig 4, B and C). Removing TNF-a or both TH2 cyto-
kines decreased the amount of TSLP released, suggesting that
signaling pathways through receptors for TNF-a and the TH2



FIG 1. Poly I:C induced release of TSLP from keratinocytes: A, TSLP; B, IL-8. Broken line, Less than the min-

imum detection limit. PGN, Peptidoglycan. C, Expression of TSLP mRNA at 3 hours after stimulation was

analyzed by means of quantitative real-time PCR and is presented as fold change relative to medium.

*P < .05 versus medium by means of ANOVA (Fig 1, A and B) and t test (Fig 1, C).
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cytokines synergistically upregulate the poly I:C–induced re-
lease. Removing one of the TH2 cytokines had no effect (Fig 4,
B and C), as supported by the finding that the IL-4 receptor a-
chain is shared by receptors for IL-4 and IL-13 and is essential
for activation of the central transcription factor signal transducer
and activator of transcription 6.26 TNF-a or poly I:C upregulated
the release of IL-8, but IL-4 and IL-13 made little or no contribu-
tion to IL-8 levels (Fig 4, D-F).
Type I IFNs upregulated dsRNA-induced release of

TSLP from keratinocytes
Because the type I IFNs IFN-a and IFN-b enhance the gene

expression of TLR3 in keratinocytes,27 we examined whether the
type I IFNs enhance TSLP’s release from keratinocytes (Fig 5, A-
C). Addition of the type I IFNs enhanced the poly I:C–induced re-
lease and further upregulated it in the presence of the TH2/TNF
cytokines (Fig 5, B and C). Without poly I:C, a combination of
both type I IFNs promoted the TH2/TNF-induced release of
TSLP (Fig 5, A). The type I IFNs upregulated the release of IL-
8 to a lesser extent (Fig 5, E and F), which is in contrast to their
marked contribution to TSLP’s release (Fig 5, A-C).
FIG 2. Poly I:C induced upregulation of gene expression of TSLP and other

cytokines and chemokines in keratinocytes. Expression of mRNA at 4 and

8 hours after stimulation was analyzed by means of quantitative real-time

PCR and is presented as fold change relative to medium at 4 hours. Data

shown are representative of 3 independent experiments. MIG, Monokine

induced by IFN-g; IP-10, IFN-inducible protein 10; I-TAC, IFN-inducible

T-cell a chemoattractant; MCP-1, monocyte chemoattractant protein 1;

MIP-3a, macrophage inflammatory protein 3a; MDC, macrophage-derived

chemokine.
IFN-g, TGF-b, and IL-17 suppressed dsRNA-induced

release of TSLP from keratinocytes
Next we tested whether cytokine milieus, which could be

provided by TH1 cells, regulatory T (Treg) cells, or TH17 cells,
modulate the poly I:C–induced release of TSLP (Fig 6). IFN-g,
TGF-b, or IL-17 significantly suppressed the release in the ab-
sence and presence of the TH2/TNF cytokines (Fig 6, B and C).
IL-10 and IL-22 had no or little effect on TSLP’s release (data
not shown). On the other hand, release of IL-8 was modulated
differently by the cytokines tested and poly I:C (Fig 6, D-F).
DISCUSSION
The present study is composed of 4 steps, as follows. In step

1 we demonstrated that dsRNA stimulates the release of TSLP by
keratinocytes and transcription of genes for TSLP and other
cytokines and chemokines (Figs 1 and 2). In step 2 we examined
whether a cytokine milieu that mimics the atopic environment
(TH2/TNF cytokines) promotes the dsRNA-induced release of
TSLP (Figs 3 and 4) in relation to the fact that patients with AD
tend to have widespread disseminated viral infections.16 In step
3 we examined whether type I IFNs (IFN-a and IFN-b) promote
the dsRNA-induced release of TSLP (Fig 5) because type I IFNs
are known to upregulate gene expression of TLR3, a receptor for
dsRNA.27 In step 4 we examined whether nonatopic cytokine mil-
ieus that could be provided through interaction with TH1, Treg, or
TH17 cells regulate the dsRNA-induced release of TSLP (Fig 6).
TH2 cytokines (IL-4 and IL-13), TNF-a, or type I IFNs (IFN-a
and IFN-b) enhanced the dsRNA-induced release of TSLP
(Figs 3, 4, and 5), whereas IFN-g, TGF-b, or IL-17 suppressed
it (Fig 6). Taken together, the results imply that viral dsRNA
and a TH2 cytokine milieu might promote TH2-type inflammation



FIG 3. Time course and dose dependency of poly I:C–induced release of TSLP from keratinocytes in the

absence or presence of TH2/TNF cytokines: A-C, TSLP; D-F, IL-8. nd, Less than the minimum detection limit

(broken line). *P < .05 versus without poly I:C by means of ANOVA. #P < .05 and $P < .05 versus without TH2/

TNF cytokines by means of t test.
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through an induction of TSLP expression, suggesting that a vi-
cious cycle exists between AD with TH2-type inflammation and
viral infections and a possible blockade of this cycle by other
TH1, Treg, or TH17 cytokine milieus.

TSLP’s release from keratinocytes stimulated with poly I:C
(Fig 1) suggests a possibility that viral dsRNA contributes to the
TH2 skewing in sensitization to environmental allergens. Al-
though there have been few clinical investigations of whether
exposure to viral components during or before the period of
sensitization to allergens contributes to the establishment of
TH2-skewed immune responses to allergens in patients with
AD, a recent longitudinal survey with 9744 children followed
up from birth to 3 to 15 years reported an approximately 2-fold
increased incidence of AD after measles, mumps, and rubella vac-
cination and after measles infection compared with that seen in
unexposed children.28 Lebre et al29 suggested that factors re-
leased from poly I:C–stimulated keratinocytes activate DCs to
promote the generation of TH1 cells on the basis of their observa-
tion that DCs, which were induced to mature by LPS in the pres-
ence of the culture supernatant of poly I:C–stimulated
keratinocytes, caused more TH1 skewing in the differentiation
from naive T cells. However, according to recent progress in
the understanding of DC activation,30 whether the culture super-
natant of dsRNA-stimulated keratinocytes induces the typical
phenotype of TSLP DCs in the conditions without LPS and
whether the DCs induce TH2 skewing would be addressed in a fu-
ture study.

Patients with AD, in whom TH2-skewed allergic sensitization
is already established, are susceptible to viral dissemination,16

as supported by a study with a mouse model of AD.31 Recently,
Howell et al19 demonstrated that a TH2 cytokine milieu contrib-
utes to a reduction in the expression of filaggrin, which is critical
for an effective skin barrier18 and the genetic mutations of which
are a major predisposing factor for AD.32 They also reported that
the TH2 cytokine milieu enhances viral replication in the skin of
patients with AD through downregulation of the expression of an
antiviral peptide, LL-37, which is induced by viral infection or
poly I:C in healthy individuals or patients with psoriasis.20 In
the present study we demonstrated that TH2 cytokines, TNF-a,
or both upregulate the poly I:C–induced release of TSLP from ke-
ratinocytes (Fig 3, A-C, and Fig 4, A-C). Taken together, the TH2
cytokine milieu in the skin promotes viral infections and replica-
tion by reducing the barrier function19,31 and expression of the an-
tiviral peptide,20 and the viral replication could exacerbate the
TH2-type inflammation through viral dsRNA-induced release of
TSLP from keratinocytes synergistically with the TH2 microenvi-
ronment, the inflammatory microenvironment, or both. This im-
plies a novel concept: a vicious cycle between AD and viral
infection. A TH2 cytokine milieu, inflammatory cytokine milieu,
or both can be provided to keratinocytes through interaction with



FIG 4. TNF-a and TH2 cytokines synergistically upregulated poly I:C–induced release of TSLP from keratino-

cytes: A-C, TSLP; D-F, IL-8. nd, Less than the minimum detection limit (broken line). *P < .05 versus without

the TH2/TNF cytokines by means of ANOVA. #P < .05 versus without poly I:C by means of the t test.

FIG 5. Type I IFNs upregulated poly I:C–induced release of TSLP from keratinocytes: A-C, TSLP; D-F, IL-8. nd,

Less than the minimum detection limit (broken line). *P < .05 versus without the type I IFNs by means of

ANOVA. #P < .05 versus without the TH2/TNF cytokines and $P < .05 versus without poly I:C by means of

the t test.
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FIG 6. IFN-g, TGF-b, and IL-17 suppressed poly I:C–induced release of TSLP from keratinocytes: A-C, TSLP;

D-F, IL-8. nd, Less than the minimum detection limit (broken line). *P < .05 versus the control by means of

ANOVA.
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allergen-specific TH2 cells, mast cells, and basophils. The release
of TSLP induced by viral dsRNA could be more effective in AD
skin than in healthy skin because AD is associated with TH2 in-
flammation24,25 and allergen-specific IgE, which stimulates
mast cells and basophils to produce such cytokines through the
high-affinity IgE receptor on exposure to allergens.33 Promotion
of the poly I:C–induced release of TSLP by the type I IFNs
(Fig 5, B and C) could be explained by upregulation of the gene
expression of TLR3 by the type I IFNs in keratinocytes.27 Type
I IFNs can be induced by dsRNA in keratinocytes (Fig 2, IFN-
b).27,29 This second cycle could also contribute to the enhance-
ment of keratinocyte response to dsRNA to release more TSLP.

We also examined whether the TH1, Treg, and TH17 cytokines
enhance or suppress the poly I:C–induced release of TSLP from
keratinocytes (Fig 6, B and C). IFN-g is a TH1 cytokine that
can inhibit TH2 responses34 and upregulate filaggrin expression
in keratinocytes.19 Clark et al35 reported that in normal skin
most of a specialized subtype of TH cells expressing the skin-
homing receptor cutaneous lymphocyte-associated antigen are
IFN-g–expressing TH1 cells. IL-10 and TGF-b are anti-inflam-
matory factors mediating the suppressive effect of some subsets
of Treg cells.36-38 Akdis et al38 reported that IL-10– and TGF-
b–expressing TR1 cells represent the dominant subset for com-
mon environmental allergens in healthy individuals, and in
contrast, there is a high frequency of allergen-specific TH2 cells
in allergic individuals. IL-17 and IL-22 are representative cyto-
kines produced by recently identified TH17 cells, which might
regulate skin innate immunity.39,40 IFN-g, TGF-b, or IL-17 sig-
nificantly suppressed the release in the absence and presence of
the TH2/TNF cytokines (Fig 6, B and C). Our results suggest
that the interaction of keratinocytes with TH1, Treg, or TH17 cells
could prohibits TSLP’s release from viral dsRNA-stimulated
keratinocytes, even in the presence of TH2/TNF cytokines.

In primary human airway epithelial cells a recent report has
demonstrated that the poly I:C–induced upregulation of TSLP
mRNA expression is dependent on nuclear factor kB and interferon
regulatory factor 3 signaling through TLR3.13 A recent report that
TSLP’s release from human skin explants, which were obtained
from healthy donors and stimulated with TH2/TNF cytokines,
was not inhibited by IFN-g, IL-10, and TGF-b15 suggests that our
finding of an inhibitory effect in primary human keratinocytes by
IFN-g and TGF-b (Fig 6, B and C) could be specific to the
dsRNA-induced TSLP release. Mechanisms for the inhibition of
the dsRNA-induced release of TSLP by IFN-g, TGF-b, and IL-
17 (Fig 6, B and C) and the dsRNA-independent, IFN- a/b–depen-
dent release of TSLP (Fig 5, A) would be addressed in future studies.
Improvements to our system using primary keratinocytes for a more
effective induction of TSLP expression by TH2/TNF cytokines
would be useful for investigations of the molecular mechanisms
of TSLP’s regulation by the promoting and inhibitory cytokines.

How TSLP expression is triggered in keratinocytes had not
been well investigated. In the present study we suggested that
exposure to viral dsRNA might induce TSLP’s release in the
epidermis through the stimulation of keratinocytes. Viral infec-
tions can be promoted by a TH2 cytokine milieu in AD skin,19,20

and in turn, the TH2 cytokine milieu and viral dsRNA could syn-
ergistically induce the expression of TSLP in the epidermis. This
might be similar in the airway epithelium.13 In airway epithelial
cells peptidoglycan, a component of gram-positive bacteria, has
been also reported to induce TSLP’s release, although less
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effectively than dsRNA.11 During evaluation of the present arti-
cle, Harada et al41 reported that a genetic polymorphism of the
TSLP gene is functional in enhancement of TSLP promoter activ-
ity in poly I:C–stimulated normal human bronchial epithelial
cells.

What other stimuli are essential for the induction of TSLP
expression in the initial process of sensitization to environmental
allergens? Interestingly, cysteine protease activity of highly
purified recombinant house dust mite major group 1 allergens,
which are the most clinically relevant allergens worldwide,
crucially contributes to the sensitization process in mice,42,43

and very recently, Sokol et al44 have demonstrated that protease
activity of papain, an occupational allergen homologous to the
mite group 1 allergens, initiates TH2 sensitization in mice through
activation of basophils to express TH2-inducing cytokines, in-
cluding IL-4 and TSLP. Thus the activation of keratinocytes, air-
way epithelial cells, or basophils now has been suggested to
contribute to allergic sensitization, exacerbation, and/or perpetu-
ation of allergic diseases through the induction of TSLP expres-
sion by environmental triggers. Further investigation of the
regulation of TSLP expression in these types of cells by environ-
mental and endogenous factors is needed to elucidate the patho-
genesis of allergic diseases and to prevent their development.

In summary, the effect of the TLR3 ligand on primary human
keratinocytes in the present study suggests contribution of viral
dsRNA to skin inflammations under the influence of a cytokine
milieu. We demonstrated that poly I:C stimulated the release of
TSLP by keratinocytes (Figs 1 and 2) and that TH2 cytokines,
TNF-a, or type I IFNs enhanced it (Figs 3-5), whereas TH1,
Treg, or TH17 cytokines suppressed it (Fig 6). These in vitro re-
sults imply that viral infections and TH2 and inflammatory cyto-
kine milieus, which could be provided to keratinocytes through
interaction with TH2 cells, mast cells, basophils, and so on, might
promote TH2 inflammation through the expression of TSLP in AD
skin and suggest that a vicious cycle exists between AD and viral
infections and a possible blockade of this cycle by other cytokine
milieus, which could be provided through interaction with TH1,
Treg, or TH17 cells. Poly I:C upregulated gene expression of var-
ious molecules, including not only TSLP, the master switch for
TH2 responses, but also TH1-attracting chemokines (CXCL9/
monokine induced by IFN-g, CXCL10/IFN-inducible protein
10, and CXCL11/IFN-inducible T-cell a chemoattractant) in ke-
ratinocytes in vitro (Fig 2). How dsRNA actually affects skin in-
flammations is an issue to be investigated in future studies.

We thank Michiyo Matsumoto for secretarial assistance and Tomoko

Tokura, Hajime Suto, Tomomi Kondo, Francxois Niyonsaba, and Tatsuo Fukai

for technical assistance and helpful comments.

Clinical implications: The effect of the TLR3 ligand on kerati-
nocytes suggests contribution of viral dsRNA to skin inflamma-
tions under the influence of a cytokine milieu. Exposure to viral
dsRNA might cause development or exacerbation of AD
through induction of TSLP in keratinocytes, which can be en-
hanced or blocked by interaction with cytokine-producing cells.
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