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TLR3- and Th2 Cytokine-Dependent Production of Thymic
Stromal Lymphopoietin in Human Airway Epithelial Cells1

Atsushi Kato, Silvio Favoreto, Jr., Pedro C. Avila, and Robert P. Schleimer2

Thymic stromal lymphopoietin (TSLP) is elevated in asthma and triggers dendritic cell-mediated activation of Th2 inflammatory
responses. Although TSLP has been shown to be produced mainly by airway epithelial cells, the regulation of epithelial TSLP
expression has not been extensively studied. We investigated the expression of TSLP in cytokine- or TLR ligand-treated normal
human bronchial epithelial cells (NHBE). The mRNA for TSLP was significantly up-regulated by stimulation with IL-4 (5.5-fold)
and IL-13 (5.3-fold), weakly up-regulated by TNF-�, TGF-�, and IFN-�, and not affected by IFN-� in NHBE. TSLP mRNA was
only significantly up-regulated by the TLR3 ligand (dsRNA) among the TLR ligands tested (66.8-fold). TSLP was also induced by
in vitro infection with rhinovirus. TSLP protein was detected after stimulation with dsRNA (120 � 23 pg/ml). The combination
of TNF-� and IL-4 produced detectable levels of TSLP protein (40 � 13 pg/ml). In addition, TSLP was synergistically enhanced
by a combination of IL-4 and dsRNA (mRNA; 207-fold, protein; 325 � 75 pg/ml). The induction of TSLP by dsRNA was
dependent upon NF-�B and IFN regulatory factor 3 (IRF-3) signaling via TLR3 as indicated by a study with small interfering
RNA. The potent topical glucocorticoid fluticasone propionate significantly suppressed dsRNA-dependent TSLP production in
NHBE. These results suggest that the expression of TSLP is induced in airway epithelial cells by stimulation with the TLR3 ligand
and Th2 cytokines and that this response is suppressed by glucocorticoid treatment. This implies that respiratory viral infection
and the recruitment of Th2 cytokine producing cells may amplify Th2 inflammation via the induction of TSLP in the asthmatic
airway. The Journal of Immunology, 2007, 179: 1080–1087.

T he asthmatic airway is characterized by an infiltrate of
eosinophils and Th2-type T cells (Th2 cells). Disease ex-
acerbations of asthma are usually triggered by infection

with airway-targeting viruses, especially rhinovirus, coronavirus,
influenza virus, respiratory syncytial virus, and adenovirus (1–6).
These viruses preferentially infect nasal and airway epithelial cells
through their entry receptors. Infection by respiratory viruses can
variably destroy the epithelial barrier, depending on the type of
virus. The damage of epithelial cells results in both increased ep-
ithelial permeability and increased penetration of allergens and
injurious materials, events that may contribute to the exacerbation
of asthma by respiratory virus infection (1–6). Increasing evidence
suggests that airway epithelial cells do not simply act as a physical
barrier but also function in the regulation of immune responses
though the production of cytokines and chemokines and via inter-
action with cells of immune systems (7–12). It is now known that
rhinovirus infection of airway epithelial cells induces the produc-
tion of cytokines such as IL-1�, IL-6, IL-11, and G-CSF, chemo-
kines such as CCL5 (RANTES), CCL11 (eotaxin-1), CCL24
(eotaxin-2), and CXCL8 (IL-8) and the expression of adhesion
molecules such as ICAM-1 and VCAM-1, resulting in the recruit-

ment of inflammatory cells and the amplification of tissue inflam-
mation (13–16).

Thymic stromal lymphopoietin (TSLP)3 is an IL-7-like cytokine
molecule that was first cloned in humans in 2001 (17–19). TSLP
is produced by epithelial cells, skin keratinocytes, stromal cells,
smooth muscle cells, lung fibroblasts, and mast cells (20). TSLP
expression is not found in most hemopoietic cells including T
cells, B cells, NK cells, monocytes, and dendritic cells (DC), with
the exception of mast cells (20). The TSLP receptor is a het-
erodimeric receptor consisting of the IL-7 receptor �-chain and a
common �-like TSLP-specific receptor (TSLP receptor (TSLPR);
also known as CRLF2) (18, 21). Human TSLPR is expressed on
heart, skeletal muscle, kidney, liver, and DC (18, 21). TSLP func-
tionally activates different cell types in humans and mice. In the
mouse, TSLP promotes an early stage of B cell and T cell devel-
opment (20, 22, 23). In contrast, in humans TSLP activates my-
eloid cells such as CD11c� myeloid DC (mDC) but does not have
direct effects on T cells, B cells, NK cells, or neutrophils (18, 20).

DC are essential for the Th differentiation of naive CD4� T cells
in response to aeroallergens. TSLP strongly induces the expression
of MHC I and II and that of costimulatory molecules such as
CD40, CD80, and CD86 on mDC (20). Recent studies have shown
that TSLP-stimulated mDC induce naive CD4� T cells to differ-
entiate into Th2 cells that produce IL-4, IL-13, and TNF-� but not
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IL-10 and IFN-� (24, 25). This contrasts with TLR ligands that
usually stimulate mDC to produce Th1-inducing cytokines such as
IL-12, IL-27, and IFN-�, cytokines that are not produced by
TSLP-stimulated mDC (20, 24). Further contributing to Th2 acti-
vation, TSLP-stimulated mDC produce the Th2-attracting chemo-
kine TARC (20). OX40L, a TNF ligand family member, is induced
by TSLP on mDC and has been reported to be a key regulator of
Th2 differentiation (24).

TSLP has been shown to be highly involved in the pathogenesis
of inflammatory diseases. High expression of TSLP has been
found in the skin of patients with acute and chronic atopic derma-
titis, while TSLP is not detectable in normal skin or nonlesional
skin of patients (20). The expression of TSLP is confined mainly
to keratinocytes of the apical layers of the epidermis in patients
with atopic dermatitis (20). Skin-specific overexpression of TSLP
in mice induces an atopic dermatitis-like phenotype including ac-
anthosis, intraepidermal spongiosis, hyperkeratosis, and inflamma-
tory cell infiltrates into skin (26). In addition to atopic dermatitis,
TSLP also has been found to be increased in asthmatic airways
(27). High amounts of TSLP have been found in bronchoalveolar
lavage fluid in a mouse asthma model and lung-specific TSLP
transgenic mice show airway inflammation including the massive
infiltration of inflammatory cells, goblet cell hyperplasia, and air-
way hyper responsiveness, whereas mice lacking the TSLPR ex-
hibit strong Th1 responses and fail to develop an inflammatory
lung response to Ag (28, 29). Although TSLP has been shown to
be produced mainly by airway epithelial cells and is involved in
the pathogenesis of inflammatory diseases, the regulation of TSLP
expression has not been extensively studied.

Functional cytokine receptors and TLRs are known to be ex-
pressed on airway epithelial cells. In the present study we inves-
tigated whether TSLP is induced by cytokines and TLR ligands in
airway epithelial cells. We discovered that TSLP was strongly and
significantly induced by the Th2 cytokines IL-4 and IL-13 and the
TLR3 ligand dsRNA and that the combination of IL-4 and dsRNA
synergistically enhanced TSLP production in airway epithelial
cells. These findings imply that respiratory viral infection and the
recruitment of Th2 cytokine-producing cells may amplify Th2 in-
flammation via the induction of TSLP in the asthmatic airway.

Materials and Methods
Reagents

Recombinant human TNF-�, IL-4, IL-13, IFN-�, IFN-�, IFN-�1, and
TGF-� were purchased from R&D Systems. The synthetic bacterial li-
poprotein N-palmitoyl-S-[2,3-bis(palmitoyloxy)-(2-RS)-propyl]-[R]-Cys-
[S]-Ser-[S]-Lys4 trihydrochloride (Pam3CSK4), zymosan, peptidoglycan
(PGN) from Staphylococcus aureus, lipoteichoic acid (LTA) from Staph-
ylococcus aureus, polyinosinic-polycytidylic acid (dsRNA), LPS from
Escherichia coli serotype 0111:B4, recombinant flagellin from Salmonella
typhimurium,syntheticdiacylatedlipoproteinS-(2,3-bispalmitoyloxypropyl)
Cys-Gly-Asp-Pro-Lys-His-Pro-Lys-Ser-Phe (FSL-1), R-837, and CpG
oligodeoxynucleotide M362 (CpG-C) were purchased from InvivoGen.
Fluticasone propionate (FP) and DMSO were purchased from Sigma-
Aldrich. The small interfering RNA (siRNA) against TLR3, melanoma
differentiation-associated gene 5 (MDA5), retinoic acid-inducible gene I
(RIG-I), dsRNA-dependent protein kinase (PKR), IFN�� receptor 2
(IFNAR2), NF-�B p65 (RELA), NF-�B p50 (NFKB1), IFN regulatory
factor-3 (IRF-3), STAT6, and the no effect control were obtained from
Qiagen.

Cell culture, treatments, transfection, and rhinovirus infection

Normal human bronchial epithelial cells (NHBE) were obtained from
Cambrex. NHBE were maintained in serum-free bronchial epithelial cell
growth medium (Cambrex). NHBE were plated in 24-well culture plates
coated with collagen (Vitrogen; Cohesion Technologies). Before stimula-
tion, NHBE were cultured in bronchial epithelial cell growth medium with-
out hydrocortisone for at least 2 days. NHBE were stimulated with one of
the following at the indicated concentration: 100 ng/ml TNF-�, 100

ng/ml IL-4, 100 ng/ml IL-13, 1000 U/ml IFN-�, 100 ng/ml IFN-�, 100
ng/ml IFN-�1, 100 ng/ml TGF-�, 1 �g/ml Pam3CSK4, 10 �g/ml PGN,
10 �g/ml LTA, 25 �g/ml dsRNA, 1 �g/ml LPS, 10 ng/ml flagellin, 1
�g/ml FSL-1, 10 �g/ml R-837, and 4 �g/ml CpG-C for 6 h.

NHBE were seeded at 3 � 104 cells per well in 24-well culture plates
and were cultured for 2 days. At 40–60% confluence, cells were trans-
fected with siRNA against TLR3, MDA5, RIG-I, PKR, IFNAR2, RELA,
NFKB1, IRF-3, STAT6, or control RNA at 5 nM using HiPerFect trans-
fection reagent (Qiagen) following the manufacturer’s instructions. Via-
bility of the cells was usually �80% in siRNA transfected cells. The vi-
ability of transfected cells with siRNA against TLR3 and IRF-3 was rarely
�80% (TLR3, once; IRF-3, twice), but we did not use these cells. The
transfected cells were further grown for 48 h and then stimulated with 25
�g/ml dsRNA for 6 h.

Rhinovirus serotype 16 (RV16) was a gift from W. Busse and E. Dick
(University of Wisconsin, Madison). RV16 stocks were amplified and pu-
rified based on a previously published protocol (30). NHBE were infected
with RV16 at a multiplicity of infection (MOI) of 2 or 10. RV16-infected
NHBE were cultured for 6 or 24 h at 33°C in the presence or absence of
100 ng/ml IL-4.

Real-time PCR

Total RNA was extracted using RNeasy (Qiagen) and treated with DNase
I (Qiagen) according to the manufacturer’s instructions. Single-strand
cDNA was synthesized with SuperScript II reverse transcriptase (Invitro-
gen) and random primers. Real-time RT-PCR was performed with the Taq-
Man method using an Applied Biosystems 7500 sequence detection system
(Applied Biosystems) as described previously (31). Primer and probe sets
for two genes, TSLP (sense, 5�-CCCAGGCTATTCGGAAACTCA-3�; an-
tisense, 5�-ACGCCACAATCCTTGTAATTGTG-3�; and MGB probe, 5�-
AAGGAAAGTCACAACCAATAA-3�) and GAPDH (sense, 5�-GAAGG
TGAAGGTCGGAGTC-3�; antisense, 5�-GAAGATGGTGATGGGATTT
C-3�; and FAM/TAMRA labeled probe, 5�-CAAGCTTCCCGTTCTCAG
CC-3�) were synthesized by Applied Biosystems. Primer and probe sets for
TLR3, MDA5, RIG-I, PKR, IFNAR2, RELA, NFKB1, STAT6, retinoid X
receptor � (RXRA) and Hes1 were purchased from Applied Biosystems.
To determine the exact copy number of the target genes, quantified aliquots
of purified PCR fragments of the target genes were serially diluted and
used as standards in each experiment. Aliquots of cDNA equivalent to 10
ng of total RNA were used for real-time PCR. The mRNA expression
levels were normalized to the median expression of a housekeeping gene
(GAPDH).

ELISA

Concentrations of the TSLP protein in cell-free supernatants were mea-
sured with a specific ELISA kit (R&D Systems). The minimal detection
limit for this kit was 31.25 pg/ml.

Sequence analysis

The sequences of the TSLP gene (accession no. NW_922751.1) and TSLP
mRNA (accession no. NM_033035.3) were obtained from GenBank. We
searched the proximal 5000-bp promoter region of TSLP for putative
NF-�B binding sites by using the consensus sequence GGGRNNYYCC (N
indicates any nucleotide, R indicates A or G, and Y indicates C or T) and
searched for putative STAT6 binding sites using the consensus sequence
TTCN3/4GAA (32–34). We searched the proximal 1900 bp 3� UTR of
TSLP for AU-rich elements by using the sequence AUUUA (35, 36).

Statistical analysis

All data are reported as the mean � SEM unless otherwise noted. Differ-
ences between groups were analyzed using the paired Student’s t test and
considered to be significant when p � 0.05.

Results
TSLP induction by dsRNA and IL-4

Increasing evidence indicates that airway epithelial cell-derived
TSLP is involved in the pathogenesis of allergic diseases, includ-
ing asthma. To test the possible role of the regulation of TSLP
production in airway epithelial cells, NHBE were treated with cy-
tokines including TNF-�, IL-4, IL-13, IFN-�, IFN-�, IFN-�1, and
TGF-� and TLR ligands including Pam3CSK4 (TLR2 ligand), zy-
mosan (TLR2 ligand), PGN (TLR2 ligand), LTA (TLR2 ligand),
dsRNA (TLR3 ligand), LPS (TLR4 ligand), flagellin (TLR5 li-
gand), FSL-1 (TLR2/6 ligand), R-837 (TLR7 ligand), and CpG-C
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(TLR9 ligand) for 6 h. Messenger RNA for TSLP was significantly
up-regulated by stimulation with IL-4 (5.5-fold, n � 4; p � 0.05)
and IL-13 (5.3-fold, n � 4; p � 0.05), weakly up-regulated by
TNF-� (1.5-fold), TGF-� (2.3-fold) and IFN-� (3.0-fold), and not
affected by IFN-� and IFN-�1 in NHBE (Fig. 1A). Messenger
RNA for TSLP was only significantly up-regulated by the TLR3
ligand (dsRNA) among the TLR ligands tested (66.8-fold, n � 7;
p � 0.05) (Fig. 1A and data not shown). To confirm this phenom-
enon at the protein level, we measured the production of TSLP
using ELISA. Significant levels of TSLP (control; undetectable,
dsRNA-treated; 97 � 20 pg/ml, n � 7) were detected in the su-
pernatant only after stimulation with dsRNA (Fig. 1D). In contrast
with dsRNA-treated NHBE, TSLP protein was not detected in the
supernatant of TNF-�-, IL-4-, IL-13- or IFN-�-treated NHBE (Fig.
1D). To further examine the details of the induction of mRNA for
TSLP by dsRNA, we determined the concentration and the time
dependence of the response in NHBE. TSLP mRNA was induced
by concentrations of dsRNA as low as 2.5 ng/ml and peak levels
of TSLP mRNA were observed at 3 h (Fig. 1, B and C).

Effect of combinations of cytokines and dsRNA on the
expression of TSLP

TNF-� is usually expressed at inflammatory sites and may con-
tribute to an increase in Th1 and Th2 cytokine-dependent gene
expression (32, 37–39). To examine whether or not the combina-
tion of Th1 and Th2 cytokines with TNF-� enhanced cytokine-
dependent TSLP expression, NHBE were treated with combina-
tions of TNF-� and cytokines including IL-4, IL-13, IFN-�, and
IFN-�. The addition of TNF-� only weakly enhanced TSLP
mRNA expression induced by IL-4 (2.0-fold, n � 4) or IL-13
(2.0-fold, n � 4) (Fig. 2A). However, detectable levels of the TSLP
protein were only found in the supernatant after stimulation with
TNF-� plus IL-4 (40 � 13 pg/ml, n � 4) and TNF-� plus IL-13
(38 � 12 pg/ml, n � 4) but not with the individual cytokines (Fig.
2D). We also examined the effect of combined stimulation with

FIGURE 1. Effect of cytokines and TLR ligands on the up-regulation of
TSLP in airway epithelial cells. A, NHBE were incubated for 6 h with 100
ng/ml TNF-�, 100 ng/ml IL-4, 100 ng/ml IL-13, 1000 U/ml IFN-�, 100
ng/ml IFN-�, 100 ng/ml IFN-�1, 100 ng/ml TGF-�, 1 �g/ml Pam3CSK4,
10 �g/ml PGN, 10 �g/ml LTA, 25 �g/ml dsRNA, 1 �g/ml LPS, 10 ng/ml
flagellin, 1 �g/ml FSL-1, 10 �g/ml R-837, and 4 �g/ml CpG-C as indi-
cated and then mRNA was extracted and analyzed for TSLP using real-
time PCR. B, NHBE were incubated for 6 h with 2.5–25,000 ng/ml dsRNA
and then the expression of mRNA for TSLP was analyzed by real-time
PCR. C, NHBE were incubated with 25 �g/ml dsRNA (F) or vehicle
control (f) for 1–48 h and then the expression of mRNA for TSLP was
analyzed by real-time PCR. The copy number is expressed as the number
of transcripts per nanogram of total RNA. D, Detection of TSLP protein by
ELISA in the culture supernatant of NHBE stimulated with cytokines and
dsRNA for 24 h. Results shown are mean � SEM of 4–7 independent
experiments. N.D., not detectable. �, p � 0.05.

FIGURE 2. Effect of combination of cyto-
kines and dsRNA on the up-regulation of TSLP.
NHBE were incubated for 6 h (A) or 24 h (D)
with 100 ng/ml IL-4, 100 ng/ml IL-13, 100
ng/ml IFN-�, 1000 U/ml IFN-�, and 25 �g/ml
dsRNA in the presence or absence of 100 ng/ml
TNF-� as indicated. NHBE were incubated for
6 h (B) or 24 h (E) with 100 ng/ml IL-4, 25
�g/ml dsRNA, or a combination of IL-4 and
dsRNA. C and F, NHBE were incubated for 1–48
h with medium control (�), 100 ng/ml IL-4 plus
100 ng/ml TNF-� (f), 25 �g/ml dsRNA (E), and
100 ng/ml IL-4 plus 25 �g/ml dsRNA (F). The
level of TSLP mRNA was determined by real-time
PCR (A–C). Concentrations of TSLP protein in the
culture supernatant were measured by ELISA (D–
F). Results shown are mean � SEM of 4–7 inde-
pendent experiments. NS, Not significant; N.D.,
not detectable. �, p � 0.05.
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cytokines and the TLR3 ligand dsRNA on the expression of TSLP
in NHBE. We found that IL-4 synergistically and significantly
enhanced dsRNA-dependent TSLP mRNA expression (4.1-fold,
n � 5; p � 0.05) (Fig. 2B) with peak levels at 3 h (Fig. 2C).
Elevated levels of TSLP persisted until 24 h after stimulation using
the combination of IL-4 and dsRNA (Fig. 2C). In addition, IL-4
synergistically and significantly enhanced dsRNA-dependent
TSLP protein production (24 h, 325 � 75 pg/ml, n � 5; p � 0.05)
(Fig. 2E). The combination of IL-4 and dsRNA time-dependently
induced the production of TSLP for up to 48 h after stimulation,
the duration of the experiment (Fig. 2F). In contrast, the produc-
tion of TSLP by dsRNA only or in combination with TNF-� and
IL-4 had plateaued by 12 h after stimulation (Fig. 2F).

TSLP induction by rhinovirus

Rhinoviruses are single-stranded RNA viruses belonging to the
Picornaviridae family and synthesize dsRNA during their replica-
tion. Exacerbations of asthma are commonly triggered by infection
with rhinovirus (1–6). To test the effect of rhinovirus infection on
the induction of TSLP in airway epithelial cells, NHBE were in-
fected with RV16 in the presence or absence of IL-4. Messenger
RNA for TSLP was significantly up-regulated by RV16 at a MOI
of 10 (Fig. 3). The combination of IL-4 and RV16 also synergis-
tically and significantly enhanced TSLP expression in NHBE (Fig.
3). To confirm this phenomenon at the protein level, we measured
the production of TSLP. TSLP was only detected in supernatants
from cells stimulated with IL-4 and challenged with RV16 at a
MOI of 10 for 24 h (32 � 3 pg/ml, n � 3; p � 0.05 vs all other
conditions).

Mechanisms of TSLP expression by dsRNA

dsRNA is a surrogate for viral RNA and viral replication and is
sensed by TLR3 and the recently identified cytosolic RNA heli-
cases RIG-I and MDA5 (40, 41). dsRNA is also recognized by the
classical dsRNA recognition protein PKR. Activation of TLR3,
RIG-I, or MDA5 by dsRNA transduces its signals to NF-�B and
IRF-3 and induces proinflammatory genes and type I IFNs includ-
ing IFN-�. Induction of IFN-� secondarily induces numerous IFN-
inducible genes. To clarify the mechanism of TSLP induction by
dsRNA, we knocked down molecules involved in dsRNA signal-
ing. NHBE were transfected with siRNA against control RNA,
TLR3, MDA5, RIG-1, PKR, RELA, NFKB1, IRF-3, or IFNAR2
and then stimulated with dsRNA for 6 h. Control experiments
demonstrated that target molecules were significantly suppressed

by siRNA against each target molecule but not by control siRNA,
and siRNA did not inhibit expression of the housekeeping gene
GAPDH (Fig. 4A and data not shown). Induction of TSLP by
dsRNA was significantly inhibited by siRNA against TLR3,
RELA, NFKB1, and IRF-3 but not by siRNA targeting MDA5,
RIG-I, PKR, IFNAR2, or control RNA (Fig. 4B). These results
suggest that TSLP is directly induced by dsRNA in airway epithelial
cells and that the response is mediated via a TLR3-, NF-�B-, and
IRF-3-dependent but IFN-independent pathway. Enhancement of
dsRNA-dependent TSLP expression by IL-4 was significantly inhib-
ited by siRNA against STAT6 (Fig. 4C).

Effect of glucocorticoids on the induction of TSLP

Glucocorticoids are a mainstay in the treatment of diseases char-
acterized by airway inflammation such as asthma and chronic rhi-
nosinusitis (42). We investigated whether glucocorticoids were
able to suppress the IL-4- or dsRNA-dependent production of
TSLP in airway epithelial cells. NHBE were treated with DMSO
(vehicle control) or the potent topical glucocorticoid FP for 2 h and
then stimulated with IL-4, TNF-�, dsRNA, or their combination
for 6 h (for assessment of mRNA) or 24–72 h (for assessment of

FIGURE 3. Effect of rhinovirus infection on the up-regulation of TSLP
in airway epithelial cells. NHBE were infected with RV16 at a MOI of 2
or 10 and then cultured for 6 h at 33°C in the presence or absence of 100
ng/ml IL-4. The level of TSLP mRNA was determined by real-time PCR.
The results are shown as the mean � SEM of four independent experi-
ments. NS, not significant. � p � 0.05.

FIGURE 4. Effect of the dsRNA-related molecules on the expression of
TSLP by dsRNA. NHBE were transfected with siRNA against control
RNA, TLR3, MDA5, RIG-1, PKR, RELA, NFKB1, IRF-3, IFNAR2, or
STAT6 at 5 nM for 48 h (A) and then stimulated with 25 �g/ml dsRNA (B)
or 100 ng/ml IL-4 plus 25 �g/ml dsRNA (C) for 6 h. The levels of mRNAs
were determined by real-time PCR. Efficiency of siRNA against target
molecules was expressed as a percentage of non-siRNA transfected cells
(A). The results are shown as the mean � SEM of four independent ex-
periments. �, p � 0.05; ��, p � 0.005.
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protein). Induction of mRNA for TSLP was significantly and dose-
dependently inhibited by FP (Fig. 5, A and B). To confirm this
phenomenon at the protein level, we measured the production of
TSLP. We found significant FP inhibition of the production of
TSLP by dsRNA (84% inhibition at 24 h, n � 4; p � 0.05) or the
combination of dsRNA and IL-4 (62% inhibition at 24 h, n � 4;
p � 0.05) in NHBE (Fig. 5, C and D).

Discussion
TSLP plays an important role in the DC-mediated activation of
Th2 inflammatory responses. Despite the expression in vivo and
potential importance of epithelial cell-derived TSLP in allergic
diseases including asthma, no studies have tested the effect of cy-
tokines and TLR ligands on the production of TSLP in human
airway epithelial cells. In the present study we determined the
TSLP expression profiles of normal human bronchial epithelial
cells after stimulation with cytokines and TLR ligands. This study
provides the first demonstration that the Th2 cytokines IL-4 and
IL-13 and rhinovirus infection induce TSLP expression in airway
epithelial cells. We have also shown that IL-4 synergistically en-
hanced dsRNA- and rhinovirus-dependent TSLP production in air-
way epithelial cells.

IL-4 and IL-13 are mainly produced by Th2 cells and basophils
and each have heterodimeric receptors (43). The IL-4R�-chain is
shared by receptors for IL-4 and IL-13 and is essential for the
activation of the central transcription factor STAT6 (43). This sug-
gests that STAT6 may be one transcription factor that can induce

TSLP expression. As shown in Fig. 1, IL-4 and IL-13 alone were
not able to induce detectable TSLP protein production in NHBE,
although the mRNA for TSLP was significantly up-regulated by
each. However, a combination of IL-4 or IL-13 with the inflam-
matory cytokine TNF-� led to detectable expression of the TSLP
protein (Fig. 2D). In a recent report, Bogiatzi et al. have shown that
TSLP is induced by the combination of TNF-� and Th2 cytokines
but not by the individual cytokines in skin keratinocytes (44).
These results suggest that the activation of NF-�B may support the
STAT6-dependent production of TSLP. Previous studies have
demonstrated a synergy between NF-�B and STAT6 in the induc-
tion of CCL11 (eotaxin-1) in response to TNF-� and IL-4/IL-13 in
airway epithelial cells mediated by a composite response element
in the eotaxin promoter (32). In the TSLP promoter we found three
putative NF-�B binding sites at �734 bp, �929 bp, and �4552 bp
and nine putative STAT6 binding sites at �514 bp, �541 bp,
�2249 bp, �2356 bp, �3703 bp, �3774 bp, �3829 bp, and
�4299 bp within �5000 bp upstream (32–34). We also found one
modified consensus site for STAT6 (position is �4557 bp) that
overlapped with the 5�-end of a putative NF-�B binding region
(�4552 bp). Future studies will be required to identify the func-
tional sites among these.

Airway epithelial cells have been shown to express functional
TLR, notably TLR2–6 (12, 45, 46). Although TLRs share signal
transduction pathways for activation of the transcription factors
NF-�B and IRF-3 (47), only dsRNA, a TLR3 ligand and mimic of
viral RNA and viral replication, induced TSLP expression in nor-
mal human bronchial epithelial cells (Fig. 1). The failure of other
TLR ligands tested to induce the expression of TSLP may reflect
low levels of receptor expression or adaptor proteins involved in
the respective responses.

While this manuscript was under revision, Lee and Ziegler re-
ported that TSLP is not induced by dsRNA in NHBE (48). Our
data clearly show that TSLP mRNA was expressed only tran-
siently after activation because it was not detected at 1 h, was
highly elevated at 3 h, and then returned to baseline by 12 h after
stimulation with dsRNA (Figs. 1 and 2). The fact that Lee and
Ziegler selected 2 and 20 h after stimulation may explain why
elevations of TSLP mRNA by dsRNA were not detected in their
studies (48). Two separate groups have also recently shown that
TSLP is induced by dsRNA in small airway epithelial cells and
oral epithelial cells (49, 50). These results suggest that dsRNA-
dependent TSLP production is reproducible in human epithelial
cells.

It has been reported that dsRNA and IL-4 synergistically en-
hanced the production of the eosinophil-recruiting chemokines
CCL11 and CCL26 (eotaxin-3) in airway smooth muscle cells and
airway epithelial cells, respectively (51, 52). Enhancement of
CCL26 by the combination of IL-4 and dsRNA was found to be a
secondary effect of the induction of the IL-4 receptor by dsRNA in
airway epithelial cells (52). In the present study of TSLP expres-
sion, dsRNA and IL-4 stimulated NHBE rapidly (Fig. 2, C and F).
In addition, enhancement of dsRNA-dependent TSLP expression
by IL-4 was significantly inhibited by siRNA against STAT6 in
NHBE (Fig. 4C). These data suggest that dsRNA and IL-4 activate
different transcription factors that are capable of binding the pro-
moter of TSLP and activating its expression in airway epithelial
cells, probably NF-�B, IRF-3 (dsRNA), and STAT6 (IL-4). Future
studies will be required to identify the complement of transcription
factors that activate the promoter of TSLP.

dsRNA and RNA viruses are recognized by the endosomal re-
ceptor TLR3 and also by the cytoplasmic RNA helicases RIG-I
and MDA5 and the cytoplasmic serine-threonine kinase PKR (40,
41). Our data suggest that the induction of TSLP by dsRNA was

FIGURE 5. Effect of glucocorticoids on the up-regulation of TSLP by
dsRNA and IL-4 in airway epithelial cells. NHBE were preincubated with
0.01% DMSO, 100 nM FP (A, C, and D), or 10�11 to 10�6 M FP (B) for
2 h and then stimulated with 100 ng/ml IL-14, 100 ng/ml TNF-�, and 25
�g/ml dsRNA for 6 h (A and B), 24 h (C), or 24–72 h (D). The level of
TSLP mRNA was determined by real-time PCR (A and B). Concentrations
of TSLP protein in the culture supernatant were measured by ELISA (C
and D). The results are shown as the mean � SEM of 4–7 independent
experiments. N.D., Not detectable. �, p � 0.05.
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mainly mediated by TLR3 (Fig. 4). As shown in Fig. 4, the in-
duction of TSLP by dsRNA was weakly but not significantly sup-
pressed by siRNA against MDA5 (27% inhibition) and RIG-I
(23% inhibition). Future studies will be required to determine
whether dsRNA-dependent TSLP production is partially regulated
by MDA5 or RIG-I in airway epithelial cells.

The signal transduction pathway of TLR3 has been well studied
(47, 53, 54). Ligand-activated TLR3 recruits a Toll/IL-1 receptor
(TIR) domain-containing adapter inducing IFN-� (TRIF) via its
intracellular TIR domain. TRIF recruits a TGF-�-activated ki-
nase-1 and a TANK-binding kinase 1 that phosphorylate I�B and
IRF-3 respectively (47, 53, 54). The phosphorylation of I�B rep-
resents a signal for polyubiquitination followed by degradation by
the 26 S proteosome, and this enables the translocation of NF-�B
into the nucleus and then induces proinflammatory genes such as
TNF-�, IL-6, and IL-12 (47, 53, 54). In contrast, phosphorylated
IRF-3 dimerizes and translocates into the nucleus and induces
IFN-� production. Our data clearly showed that the induction of
TSLP by dsRNA was dependent on both NF-�B and IRF-3 (Fig.
4). Usually, IRF-3 critically regulates IFN-� production and then
secondarily induces multiple IFN-regulated genes. In recent stud-
ies we found that induction of B cell-activating factor of TNF
family (BAFF) by dsRNA occurred via an autocrine loop involv-
ing IFN-� (31). In the case of TSLP, the induction by dsRNA was
not suppressed by siRNA against the IFN receptor IFNAR2 and
IFN-� did not strongly induce TSLP production in NHBE (Figs. 1,
2, and 4), suggesting that dsRNA-induced TSLP production is in-
dependent of autocrine stimulation by IFN-�.

IRF-3 promotes transcription of the IFN-� gene together with
other transcription factors such as NF-�B. Although the mecha-
nisms of type I IFN induction by IRF-3 are well established, IFN-
independent IRF-3 activation is not fully understood. Recent stud-
ies suggest that IRF-3 directly induces the transcriptional
suppresser Hes1 independently of IFN-�, which in turn inhibits the
expression of the nuclear receptor RXRA (55). Inhibition of
RXRA by the activation of IRF-3 can reduce the expression of
RXRA target genes including the metabolic enzymes CYP3A4 and
UGT1A6 (55). The studies of Li et al. (56) indicate that keratino-
cyte-selective ablation of RXRA and retinoid X receptor � induces
TSLP expression in epidermal keratinocytes, which results in an
atopic dermatitis-like syndrome. We therefore investigated
whether IRF-3-dependent TSLP expression by dsRNA resulted via
the induction of Hes1 and the inhibition of RXRA. Hes1 was not
induced by dsRNA in NHBE and RXRA was only weakly sup-
pressed (data not shown). Together, these results suggest that
TSLP is induced by dsRNA in airway epithelial cells and that this
response occurs via a pathway dependent on NF-�B and IRF-3 but
independent of IFN-� and RXRA.

We examined whether glucocorticoids can inhibit IL-4- and
dsRNA-dependent TSLP production, because glucocorticoids are
widely used in the therapeutic management of inflammatory air-
way diseases. In vivo studies in human subjects have demonstrated
that glucocorticoids inhibit the production of IL-4 and IL-5 in cells
from bronchoalveolar lavage in allergic asthmatics and reduce the
number of IL-4- and IL-13-expressing cells in nasal tissue from
patients with allergic rhinitis (57–59). As shown in Fig. 5, the
potent topical glucocorticoid FP partially but significantly inhib-
ited the induction of both TSLP mRNA and TSLP protein by
dsRNA and IL-4 in NHBE. This suggests that glucocorticoids may
inhibit both the production of Th2 cytokines from cells in the air-
ways and the TSLP response of airway epithelial cells to these
cytokines. By such effects, glucocorticoids could blunt the differ-
entiation of Th2 cells in allergic airway disease. Future clinical

studies will be required to investigate whether glucocorticoids sup-
press TSLP production in vivo.

The mechanisms of the anti-inflammatory effects of glucocorti-
coids have been extensively studied (42). The activated glucocor-
ticoid receptor dimerizes and interacts with transcription factors
such as NF-�B and AP-1 and represses the genes activated by
these transcription factors. Glucocorticoids also exert posttran-
scriptional control on gene expression by decreasing the stability
of mRNA for inflammatory genes. Our previous studies have sug-
gested that NF-�B is not a major target of glucocorticoids in hu-
man airway epithelial cells (36, 60). Possible mechanisms of the
effect of glucocorticoids on the expression of TSLP may include
the influence of destabilizing sequences known as AU-rich ele-
ments in the 3� untranslated region of the transcripts. In fact, the 3�
untranslated of TSLP contains seven AUUUA motifs. Future stud-
ies will be required to determine the mechanism of inhibition of
TSLP by glucocorticoids in airway epithelial cells.

Although asthma is characterized by Th2-type inflammation, the
normal CD4� T cell response to viral infection is thought to be
predominantly of the Th1 type. It has been suggested that in the
lower airways of asthmatics with a pre-existing Th2-type allergic
microenvironment the responses to viral infection may be skewed
toward inappropriate and potentially harmful Th2 responses (5, 6).
Indeed, respiratory syncytial virus infection exacerbated the Th2
cytokine response and lung pathologic lesions in a mouse model of
allergic asthma, whereas respiratory syncytial virus infection of
nonallergic mice did not induce Th2 cytokine response signifi-
cantly (61). Respiratory syncytial virus infection enhanced the pul-
monary Th2 cytokine response only when mice were inoculated
after sensitization to OVA (62). Th2 cytokines such as IL-4, IL-5,
IL-10, and IL-13 enhanced the expression of ICAM-1, which
serves as the rhinovirus entry receptor and has been proposed to be
involved in respiratory syncytial virus entry (63, 64). Basal levels
of ICAM-1 expression were increased in the nasal epithelial cells
from atopic subjects and the airway epithelial cells from asthmatic
subjects (65, 66). These data suggest that susceptibility to virus
infection is increased in a Th2 environment. Our studies suggest
that virus infection may further enhance the development of Th2
responses, creating a vicious cycle. We found that the Th2 cyto-
kine IL-4 and the virus product dsRNA synergistically enhanced
TSLP production from epithelial cells (Fig. 2). Importantly, we
also found that the rhinovirus, which is the most common known
trigger of asthma exacerbations, induced TSLP expression and
production in the presence of IL-4 in airway epithelial cells (Fig.
3). It is possible that the TSLP production triggered by the rhino-
virus could be higher in the asthmatic airway compared with
NHBE due to the elevation of ICAM-1 (the receptor for rhinovi-
rus) and the reduction of the antiviral response in epithelial cells
from patients with asthma (65–67). TSLP-activated DC express
OX40L and promote the differentiation of TNF-�-producing in-
flammatory Th2 cells from naive T cells (24). In addition, TLR3
activation strongly induced eosinophil-recruiting chemokines in
the presence of Th2 cytokines (51, 52). Together, these findings
suggest that viral infection in a Th2 environment may amplify
allergic reactions locally. The effect of in vivo infection with re-
spiratory viruses such as rhinovirus on the production of TSLP in
airway epithelial cells from patients with asthma is worthy of
investigation.

In summary, we report in this study that the expression of TSLP
was induced in airway epithelial cells by stimulation with TLR3
ligand and Th2 cytokines and was synergistically induced by the
combination of both stimuli; this response was suppressed by glu-
cocorticoid treatment. Our findings indicate that respiratory viral
infection and the recruitment of Th2 cytokine-producing cells may
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amplify Th2 inflammation via the production of TSLP in the asth-
matic airway.
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