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upregulation of the gene expression of TSLP and other pro-
inflammatory molecules. The flagellin-induced release of 
TSLP was enhanced by the Th2/TNF cytokines or TGF- � . 
Small interfering RNA-mediated knockdown of TLR5 expres-
sion suppressed the flagellin-induced TSLP gene expression. 
 Conclusions:  Flagellin induces TSLP expression in keratino-
cytes via TLR5 and the expression can be upregulated by a 
cytokine milieu with Th2/TNF or TGF- � , suggesting that ex-
posure of barrier-defective skin to Gram-negative bacteria 
or environmental flagellin contributes to the initiation and/
or amplification of Th2-type skin inflammation including 
atopic dermatitis through the induction of TSLP expression 
in keratinocytes.  Copyright © 2010 S. Karger AG, Basel 

 Introduction 

 Thymic stromal lymphopoietin (TSLP), highly ex-
pressed by keratinocytes in skin lesions of atopic derma-
titis (AD) patients and bronchial epithelial cells of asthma 
patients, plays a key role in allergic diseases  [1, 2] . TSLP-
activated dendritic cells secrete Th2-recruiting chemo-
kines but not IL-12, and induce naïve T cells to differenti-
ate into inflammatory Th2 cells producing IL-4, IL-5, IL-
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 Abstract 

  Background:  Thymic stromal lymphopoietin (TSLP), highly 
expressed by keratinocytes in skin lesions of atopic dermati-
tis patients and bronchial epithelial cells in asthma, plays a 
key role in allergic diseases. Information on triggers for the 
release of TSLP in keratinocytes is still limited. Keratinocytes 
express Toll-like receptor (TLR) 5, the ligand for which is fla-
gellin, the major structural protein of the flagella of Gram-
negative bacteria. IL-4, IL-13 and TNF- �  (Th2/TNF) are associ-
ated with allergic diseases. TGF- � , one of the ligands for the 
epidermal growth factor receptor, is overexpressed in kera-
tinocytes in atopic dermatitis. We investigated the induction 
of TSLP expression in keratinocytes stimulated with flagellin 
and its modulation by the Th2/TNF cytokines and TGF- � . 
 Methods:  Primary human keratinocytes were stimulated 
with flagellin with or without cytokines. The TSLP released 
was measured by ELISA. Gene expression was analyzed by 
quantitative real-time PCR.  Results:  Stimulation of keratino-
cytes with flagellin induced the release of TSLP protein and 
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13 and TNF- �  through the OX40 ligand  [1] . TSLP 
similarly activates epidermal Langerhans cells, a subset 
of dendritic cells  [3] . The TSLP-activated dendritic cells 
can cause allergen-specific Th2 memory cells to undergo 
homeostatic expansion and further Th2 polarization and 
to mediate recall responses  [4] . TSLP can also act direct-
ly on human mast cells synergistically with IL-1 and 
TNF- �  to produce IL-5 and IL-13  [5] , and on human 
CD4+ T cells activated with TCR stimulation to induce 
marked proliferation  [6] . 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 trig-
gers for the release of TSLP in keratinocytes is still lim-
ited. Pro-inflammatory and Th2 cytokines act synergis-
tically to induce the release of TSLP from human skin 
explants obtained from healthy donors  [7] . Recently, we 
demonstrated that polyinosinic-polycytidylic acid, a syn-
thetic double-stranded RNA (dsRNA) recognized poten-
tially by dsRNA sensors including Toll-like receptor 
(TLR) 3, is a trigger for TSLP production in primary hu-
man keratinocytes  [8–10] , and the release can be syner-
gistically enhanced with an atopic cytokine milieu  [8] . 
Very recently, an endogenous protease, kallikrein 5, was 
found to induce the expression of TSLP in keratinocytes 
via protease-activated receptor 2  [11] .

Keratinocytes express TLR5  [12–15] , the ligand for 
which is flagellin  [16] , the major structural protein of the 
flagella of Gram-negative bacteria. In our recent study, 
flagellin induced the release of IL-8 but not TSLP in ke-
ratinocytes in the presence of hydrocortisone without the 
addition of cytokines in the culture medium  [8] . How-
ever, glucocorticoids such as hydrocortisone inhibited 
 [17, 18]  and an atopic cytokine milieu with IL-4, IL-13 and 
TNF- �  (Th2/TNF- � ) enhanced  [8]  the dsRNA-induced 
release of TSLP in keratinocytes. In the present study, we 
examine the capacity of flagellin to induce TSLP expres-
sion in the absence of hydrocortisone and in the presence 
of cytokines, which compose the cytokine milieu associ-
ated with AD.

  Materials and Methods 

 Reagents 
 The following concentrations of recombinant human cyto-

kines and flagellin were used to stimulate keratinocytes: 20 ng/ml 
TNF- � , 100 ng/ml IL-4, 100 ng/ml IL-13 (R&D Systems, Minne-
apolis, Minn., USA), 50 ng/ml TGF- �  (Calbiochem, San Diego, 
Calif., USA) and 1–100 ng/ml flagellin purified from  Salmonella 
typhimurium  strain 14028 (Alexis Biochemicals, San Diego, Cal-
if., USA).

  Cell Culture and Stimulation of Keratinocytes 
 Primary human keratinocytes (Cascade Biologics, Portland, 

Oreg., USA) were cultured in EpiLife KG2 (Kurabo, Osaka, Japan) 
supplemented with 0.1 ng/ml epidermal growth factor, 10  � g/ml 
insulin, 0.5  � g/ml hydrocortisone, 50  � g/ml gentamycin, 50 ng/ml 
amphotericin B and 0.4% vol/vol bovine brain pituitary extract. 
Cells were seeded at 8  !  10 3  cells/well in flat-bottomed 96-well mi-
croculture plates (for ELISA) or 6  !  10 4  in 12-well plates (for PCR) 
and cultured until they reached 100% confluence, and then the me-
dium was changed to medium without hydrocortisone. After fur-
ther cultivation for 24 h, cells were stimulated with flagellin with 
or without cytokines in fresh medium without hydrocortisone.

  Transfections of Keratinocytes with Small Interfering RNA 
 Keratinocytes at 60–70% confluence in 12-well tissue culture 

plates were transfected with the following Stealth small interfer-
ing RNAs (siRNAs) (Invitrogen, Carlsbad, Calif., USA) using Li-
pofectamine 2000 (Invitrogen): TLR5-siRNA1, 5 � -AAUUCAAC-
UUCCCAAAUGAAGGAUG-3 � ; TLR5-siRNA2, 5 � -UCAGAUG-
G CUAAAUACUCCUGGUGG-3 � ; control siRNA1 (scrambled 
sequence of TLR5-siRNA1), 5 � -AAUGGUCAACCCUUAAACA-
AGUAUG-3 � ; control siRNA2 (scrambled sequence of TLR5-
siRNA2), 5 � -UCAGGAGGGUAUCUAAUCAUCCUGG-3 � . Lipo-
fectamine 2000 (4  � l) was mixed with 2  � l of a 20- �  M  siRNA 
solution and 100  � l of OPTI-MEM (Gibco BRL, Gaithersburg, 
Md., USA). After incubation for 30 min at room temperature, a 
total of 500  � l of basal medium without the supplements was add-
ed and the solution (600  � l) was added to each of the wells. After 
cultivation with siRNAs for 24 h, the medium was changed to 
hydrocortisone-free medium. After further cultivation for 24 h, 
keratinocytes were stimulated with flagellin.

  ELISA 
 Concentrations of TSLP and IL-8 proteins were measured 

with ELISA kits (DuoSet; R&D Systems) using diluted (1:   2 for 
TSLP and less than 1:   30 for IL-8) culture supernatant collected at 
24, 48 or 72 h after the stimulation. In this study, the detection 
limit for TSLP and IL-8 in the supernatant was 3.9 and 156 pg/ml, 
respectively. A one-way analysis of variance (ANOVA) with 
Tukey’s multiple comparison test or t test (two-tailed) was used. 
Values of p  !  0.05 were regarded as statistically significant.

  Real-Time Quantitative PCR  
 Total RNA was extracted from the cells and cDNA was syn-

thesized as described previously  [8] . Real-time quantitative PCR 
was performed using a Taqman method with an ABI7500 (Ap-
plied Biosystems, Piscataway, N.J., USA). The mRNA level was 
normalized to the gene expression of  � -actin and is shown as rel-
ative to the control level.

  Results 

 Flagellin Induced Upregulation of Gene Expression 
of TSLP and Other Pro-Inflammatory Molecules in 
Keratinocytes 
 We examined whether flagellin stimulates primary 

human keratinocytes to upregulate TSLP gene expres-
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sion in the absence of hydrocortisone. After cultivation 
in the absence of hydrocortisone for 24 h, keratinocytes 
were stimulated in the absence of hydrocortisone. Stimu-
lation of keratinocytes with flagellin induced the gene ex-
pression of not only TSLP but also other pro-inflamma-
tory molecules ( fig. 1 ): cytokines (TSLP, TNF- � , IL-6 and 
GM-CSF), chemokines (CCL2/monocyte chemoattrac-
tant protein 1, CCL5/RANTES, CCL20/macrophage in-
flammatory protein 3 � , CCL27/cutaneous T cell-attract-
ing chemokine, CXCL8/IL-8 and CXCL10/IFN-inducible 
protein 10) and an adhesion molecule (CD54/ICAM-1). 

  Flagellin Induced Upregulation of TSLP Gene 
Expression in Keratinocytes Synergistically with
Th2/TNF- �  Cytokines 
 The combination of flagellin and Th2/TNF cytokines 

(IL-4, IL-13 and TNF- � ) mimicking atopic cytokine mi-
lieu showed synergistic effects on the upregulation of the 
gene expression of TSLP and IL-8 ( fig. 2 a).

  Flagellin Induced the Release of TSLP Protein 
in Keratinocytes in the Presence of Th2/TNF- �  
Cytokines 
 Flagellin induced the release of TSLP and IL-8 in the 

absence of hydrocortisone and in the presence of Th2/
TNF- �  cytokines ( fig. 2 b). Less TSLP and IL-8 were re-
leased in the absence of the Th2/TNF cytokines than in 
their presence ( fig. 3 ).

  TGF- �  Upregulated Flagellin-Induced Release of 
TSLP 
 TGF- � , one of the ligands for the epidermal growth 

factor receptor (EGFR)  [19] , is highly expressed in kera-
tinocytes of patients with psoriasis, AD and allergic con-
tact hypersensitivity  [20] . TGF- �  regulates the response 
of keratinocytes to flagellin  [14] . Therefore, next we ex-
amined whether TGF- �  enhances the flagellin-induced 
release of TSLP. Similarly to the Th2/TNF- �  cytokines, 
TGF- �  promoted the flagellin-induced release of TSLP 
and IL-8 ( fig. 3 ). Less IL-8 was released by TGF- �  than by 
the Th2/TNF- �  cytokines ( fig. 3 b). However, the addi-
tion of Th2/TNF cytokines in presence of TGF- �  did not 
further enhance the release of TSLP ( fig. 4 a), although it 
enhanced the release of IL-8 ( fig. 4 b).

  Flagellin Induced TSLP Gene Expression in 
Keratinocytes via TLR5  
 Knockdown of TLR5 gene expression by siRNA 

( fig.  5 a) reduced the flagellin-induced upregulation of 
TSLP gene expression ( fig. 5 b). In comparison to trans-

fection with control siRNAs (control siRNA1 and control 
siRNA2) with the scrambled sequence of the TLR5
siRNAs, transfection with the TLR5 siRNAs (TLR5- 
siRNA1 or TLR5-siRNA2) successfully decreased the
TLR5 gene expression with or without stimulation with 
flagellin and inhibited the flagellin-induced upregula-
tion of TSLP gene expression. 

  Discussion 

 We demonstrated that flagellin has the capacity to in-
duce the gene expression ( fig. 1 ,  2 a) and release ( fig. 2 b,  3 , 
 4 ) of TSLP in primary human keratinocytes. Th2/TNF 
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cytokines ( fig. 2 ,  3 ) or TGF- �  ( fig. 3 ,  4 ) enhanced the fla-
gellin-induced release of TSLP. Flagellin induced the 
TSLP expression via TLR5 ( fig. 5 ). The data in the present 
study were obtained using purified natural flagellin 
( fig. 1–5 ). Recombinant flagellin also induced the similar 
amount of release of TSLP (data not shown). Flagellin in-
duced upregulation of gene expression of not only TSLP 

but also other pro-inflammatory molecules ( fig. 1 ). How-
ever, no or little upregulation of IFN- �  gene expression 
was observed at 4 h after the stimulation with flagellin 
(data not shown), while dsRNA strongly upregulated the 
IFN- �  expression  [8, 18] . This is not surprising because 
interferon-regulatory factor 3, the transcription factor es-
sential for induction of IFN- � , can be activated via dsRNA 
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  Fig. 2.  Flagellin induced release of TSLP in 
keratinocytes in the presence of Th2/
TNF- �  cytokines.  a  The expression of 
TSLP and IL-8 mRNA at 8 h after stimula-
tion was analyzed by quantitative real-
time PCR and is represented as fold change 
relative to the medium. Data shown are for 
single wells and are representative of three 
independent experiments with similar re-
sults.  b  Amounts of TSLP and IL-8 re-
leased at 48 h after stimulation were mea-
sured. The broken line shows the mini-
mum detectable limit.  *   p  !  0.05 versus 
Th2/TNF- �  by t test (two tailed). Data 
shown are the means  8  SD for 3 wells and 
are representative of 3 independent exper-
iments with similar results. 
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sensors such as TLR3, retinoic acid-inducible gene I and 
melanoma differentiation antigen 5, but not via TLR5 
 [21] . The induction level of TSLP seems different among 
donors of keratinocytes and/or experimental conditions 
(for example, between  fig. 4  and  5 ; data not shown), which 

might be attributed to genetic polymorphisms of genes of 
TSLP  [22]  or other molecules such as sensors, signaling 
molecules, transcription factors and so on  [10] .

Flagellin is the major structural protein of the flagella 
of Gram-negative bacteria. Two receptors, the cell-sur-
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of the siRNAs used are described in the Materials and Methods 
section. The results shown were obtained using TLR5-siRNA2 
and control siRNA2. Similar results were obtained with TLR5-
siRNA1 and control siRNA1.    *  p  !  0.05 versus the TLR5 siRNA 
by ANOVA with the Tukey multiple comparison test. Data shown 
are the means                      8  SD for 3 wells and are representative of 3 inde-
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face TLR5 and the intracellular receptor Ipaf, have been 
reported to recognize flagellin  [16, 23] . Keratinocytes ex-
press TLR5 and can respond to flagellin  [12–15, 24, 25] . 
Flagellin induced TSLP expression in a TLR5-dependent 
manner in keratinocytes ( fig. 5 ). As another component 
of Gram-negative bacteria, LPS, is present in house dust 
 [26] , flagellin also might be present in house dust. Bar-
rier dysfunction in the skin occurs in infancy at high fre-
quency, is genetically determined or is induced by endog-
enous or environmental factors  [27–33] . Exposure of bar-
rier-defected skin to Gram-negative bacteria or environ - 
mental flagellin might contribute to the initiation and/or 
amplification of Th2 inflammation via the induction of 
TSLP expression in keratinocytes.

Th2/TNF- �  cytokines or TGF- �  enhanced the flagel-
lin-induced release of TSLP ( fig. 2–4 ). Very recently, the 
expression of TSLP induced by flagellin in primary hu-
man corneal epithelial cells and its enhancement by Th2 
cytokines have been reported  [34] . Th2 cytokines or pro-
inflammatory cytokines have been also reported to in-
duce the release of TSLP from human skin explants ob-
tained from healthy donors  [7],  and upregulate dsRNA-
induced release of TSLP in primary human keratinocytes 
 [8]  and primary human bronchial epithelial cells  [35] . 
TGF- �  is one of the ligands for EGFR  [19] . Cross-
talk between TLR5- and EGFR-driven events has been 
suggested  [14, 19] .

A Th2 and/or inflammatory cytokine milieu can be 
provided to keratinocytes through interaction with aller-
gen-specific Th2 cells, mast cells, basophils and so on. 
Howell et al.  [30]  demonstrated that a Th2 cytokine mi-

lieu contributes to a reduction in the expression of filag-
grin, which is critical for an effective skin barrier and 
whose genetic mutations are a major predisposing factor 
for AD  [29] . TGF- �  is overexpressed in keratinocytes in 
psoriasis, AD and allergic contact hypersensitivity  [20] . 
The release of TSLP induced by flagellin could be more 
effective in AD skin than in healthy skin because of (1) a 
barrier defect caused in infancy or by genetic and envi-
ronmental factors in AD, (2) an association of AD with 
Th2 inflammation  [36, 37]  and allergen-specific IgE, 
which stimulates mast cells and basophils to produce 
such cytokines through the high-affinity IgE receptor on 
exposure to allergens  [38] , and (3) the overexpression of 
TGF- �  in keratinocytes in AD  [20] .

In summary, we demonstrated that flagellin induces 
TSLP expression via TLR5 in keratinocytes. The results 
suggest that exposure of skin with barrier defect to Gram-
negative bacteria or environmental flagellin, which might 
be contained in house dust, contributes to the initiation 
and/or amplification of Th2 inflammatory responses in 
the skin such as AD via the induction of TSLP expression 
in keratinocytes. How flagellin actually impacts skin in-
flammation remains to be investigated.
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