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The epithelial-derived cytokine thymic stromal lymphopoietin
(TSLP) is important for the initiation of allergic airway inflamma-
tion through a dendritic cell-mediated T helper 2 response. To
identify the factors that control TSLP expression, we examined the
ability of inflammatory mediators to regulate TSLP production in
human airway epithelial cells. We found that both IL-1� and TNF-�
were capable of inducing rapid TSLP production in primary human
bronchial airway epithelial cells. We further characterized the
human TSLP gene promoter, using two human epithelial cell lines,
16HBEo� and A549, and showed that IL-1�- and TNF-�-mediated
human TSLP promoter activation in these cells was mediated by an
upstream NF�B site. Mutation of this NF�B site abolished activa-
tion, as did overexpression of a dominant-negative version of I�B
kinase (IKK)� (a kinase acting on I�B, the inhibitor of NF�B).
Interestingly, human TSLP mRNA levels were also increased after
exposure to Toll-like receptor (TLR) 2, TLR8, and TLR9 ligands,
further supporting an important role for NF�B in TSLP gene
regulation. Similarly, analysis of the mouse TSLP gene promoter
revealed the presence of a similarly situated NF�B site that was also
critical for IL-1�-inducible expression of mouse TSLP. Taken to-
gether, these results demonstrate that the inflammatory mediators
IL-1� and TNF-� regulate human TSLP gene expression in an
NF�B-dependent manner.

proinflammatory cytokine � T helper 2 inflammation �
transcriptional regulation

Thymic stromal lymphopoietin (TSLP) is a cytokine that was
originally identified in culture supernatants of a mouse thymic

stromal cell line and has been shown to support the development
of pre-B cells to B220�IgM� immature B cells (1–4). The TSLP
receptor complex is a heterodimer that consists of a low-affinity
ligand binding chain, the TSLP receptor (TSLPR), and the IL-7
receptor � chain (IL-7R�) (5, 6). TSLP and TSLPR have also been
identified and characterized in humans, and the human TSLP
receptor complex has been shown to also be a heterodimer that is
composed of the TSLPR and IL-7R� chains (7, 8). Although the
degree of sequence homology between human and mouse TSLP
and between human and mouse TSLPR is quite low (43% and 39%,
respectively), the expression profiles are similar in the two species,
with B cells and CD11c� dendritic cells being the primary cell
populations expressing the TSLPR (ref. 9 and S.F.Z. and D. R. J.
Rawlings, unpublished results). TSLP is produced primarily by
epithelial cells in the lungs, gut, and skin (8). Recent work (e.g., refs.
10 and 11) has shown that TSLP levels are increased at sites of
inflammation. For example, lesional skin from patients with atopic
dermatitis displayed markedly elevated TSLP expression, whereas
uninvolved skin did not (10). Similarly, airway epithelium from
asthmatics showed increased TSLP mRNA expression (11) and
supported a role for TSLP in promoting T helper 2-type allergic
inflammation. CD4� T cells, primed by TSLP-treated dendritic
cells, produce the proallergic cytokines IL-4, IL-13, IL-5, and
TNF-�, but not IL-10 and IFN�, upon restimulation (10).

TSLP has also been shown to be critically important for airway
inflammation in mice. Mice expressing a lung-specific TSLP
transgene developed a spontaneous airway inflammatory dis-
ease with all of the characteristics of human asthma (12). In
addition, TSLP levels were elevated in the lungs of mice with
antigen-driven airway inflammatory disease (12). On the other
hand, TSLPR-deficient mice developed a greatly attenuated
airway disease in the same antigen-driven model, consistent with
the finding that TSLP responses are both necessary and suffi-
cient for the development of airway inflammation in mice (12,
13). Finally, mice containing an inducible skin-specific TSLP
transgene developed an atopic dermatitis-like inflammatory
disease after induction of TSLP expression (14). Taken as a
whole, these data are consistent with the hypothesis that TSLP
plays an important role in the development of allergic inflam-
matory disorders. Although TSLP plays an important role in the
development of allergic inflammation, little is currently known
about the factors that control its expression.

To begin an analysis of the factors that control TSLP gene
expression, we have dissected the human TSLP promoter and
characterized the cis-regulatory factors that control transcrip-
tion of the human TSLP gene. We demonstrate that TSLP
expression is induced in airway epithelial cells (AECs) exposed
to proinflammatory mediators, including IL-1�, TNF-�, and
selected TLR agonists. Analysis of the human TSLP gene
promoter identified an NF�B site 3.7 kb upstream of the start of
transcription that was critical for IL-1�- and TNF-�-induced
TSLP transcription. An orthologous NF�B binding site was
found in the promoter of the mouse TSLP gene and was shown
to be essential for inducible expression. Thus, the regulation of
TSLP gene transcription is similar in humans and mice, and
activation of NF�B is critical for inflammation-induced expres-
sion of TSLP.

Results
IL-1� and TNF-� Induce Human TSLP Expression from Normal Human
Bronchial Epithelial (NHBE) Cells. Although TSLP has been associ-
ated with inflammatory responses, the factors that regulate its
expression remain unclear. Studies showed that epithelial cells,
primarily in the lung, skin, and gut, are the primary sources of
TSLP in humans (7). Because AECs in human asthmatics were
found to have increased TSLP mRNA (11), and TSLP levels in
the lungs of mice with antigen-induced airway inflammation
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displayed elevated TSLP levels (12), we chose to study the
regulation of TSLP gene expression in AECs. Initially, NHBE
cells were treated with cytokines associated with pulmonary
inflammation, including IL-1�, TNF-�, IL-4, and IL-13, along
with other known inflammatory agents (e.g., LPS), and TSLP
expression was examined by using real-time quantitative PCR.
IL-4, IL-13, and LPS did not affect TSLP gene expression (Fig.
1 and data not shown). However, NHBE cells cultured with
IL-1� or TNF-� showed increased TSLP transcription (Fig. 1).
Compared with unstimulated cells, IL-1� induced an almost
4-fold increase of human TSLP mRNA by 2 h after stimulation,
whereas a similar increase was seen at 6 h of stimulation with
TNF-�. TSLP mRNA levels gradually decreased afterward in
both cultures. In contrast, TSLP mRNA levels were unaffected
in NHBE cells treated with LPS. Consistent with these results,
TSLP levels were increased in the supernatant of NHBE cells
treated with IL-1� or TNF-� but not in supernatants from
LPS-treated cells, as measured by the ELISA method (data not
shown). TSLP mRNA and protein levels were also found to be
increased in two human airway epithelial cell lines, 16HBEo�

and A549 (data not shown). These results demonstrate that
human TSLP is induced in AECs by proinflammatory mediators.

Transcriptional Activation of the Human TSLP Promoter by IL-1� and
TNF-� Is Mediated by NF�B. To define the regions of the human
TSLP promoter involved in IL-1� and TNF-�-mediated tran-
scription, a nested series of deletion constructs of the human
TSLP gene promoter were generated. All constructs included
the transcriptional start codon. These constructs were transiently
transfected into 16HBEo� and A549 cells, and the response to
IL-1� and TNF-� was determined by measuring luciferase
activity. Very little activity was seen in any of the constructs in
the absence of IL-1� and TNF-�. Stimulation of epithelial cell
lines transfected with the �4.5- and �4.0-kb constructs showed
induction of luciferase activity, and the response to IL-1� was
more robust. In contrast, further deletion constructs did not
respond to IL-1� or TNF-� (Fig. 2). These results suggest that
the region between �4.0 and �3.0 kb of the human TSLP gene
promoter contains cis-regulatory elements involved in IL-1� and
TNF-�-induced expression of TSLP.

To identify the elements involved in the activation of human
TSLP transcription by IL-1�, we made additional 5�-deletion
constructs between �4.0 and �3.3 kb. With these constructs,
16HBEo� were transfected, and luciferase activity was measured
after IL-1� stimulation. As shown in Fig. 3a, constructs con-
taining sequences between �4.0 and �3.8 kb were highly

inducible by IL-1�, whereas all deletions from �3.7 to �3.3 kb
were at background levels. This indicated that �120 bp of human
TSLP gene promoter from �3.86 to �3.74 kb contained a cis
element that was required for IL-1� induction. Similar results
were seen with a second human airway epithelial cell line, A549
(data not shown). Inspection of this �120-bp sequence revealed
the presence of the NF�B, IRF-1, Opaque-2 consensus binding
sites, and a putative AP-1 binding site (Fig. 3b). Next, we tested
whether these motifs were important for IL-1� activation by
generating a series of site-directed mutations in each binding
site. As shown in Fig. 3c, mutations in either the IRF-1 or the
Opaque-2 motif had no effect on the activation of the human
TSLP promoter by IL-1�, whereas mutation in the putative AP-1
motif resulted in slightly lowered activity. In contrast, promoter
activity was significantly decreased in 16HBEo� cells transfected
with the construct containing a mutation of the NF�B motif.
These results indicated that the induction of TSLP gene expres-
sion seen in cells stimulated with IL-1� was likely mediated
through NF�B.

NF�B p65/p50 Binds to the NF�B Motif in the Human TSLP Promoter.
NF�B is composed of either homo- or heterodimeric subunits of
the NF�B/Rel family members, and different combinations of
NF�B subunits contribute to the cell type- and stimulant-specific
transcriptional activation (15, 16). To determine the nature of
the NF�B complex involved in TSLP transcription, we generated
nuclear extracts from IL-1�-treated A549 cells and tested them,
using an oligonucleotide containing the NF�B binding motif
from the human TSLP gene promoter. EMSA, using extracts
from IL-1� stimulated cells but not unstimulated cells, induced
binding activity to the hTSLP/NF�B probe corresponding to the
NF�B motif. Further, coincubation of nuclear extracts from

Fig. 1. IL-1� and TNF-� induce human TSLP expression on NHBE cells. NHBE
cells were cultured with IL-1� (1 ng/ml), TNF-� (10 ng/ml), or LPS (10 �g/ml) for
the indicated time course. Total RNA was extracted, and human TSLP mRNA
was measured by real-time quantitative PCR. TSLP mRNA level was normalized
with GAPDH mRNA. Data are the mean � SE of triplicate data points from a
representative experiment. Results are representative of at least three inde-
pendent experiments.

Fig. 2. Transcriptional activation on 5� deletion of the human promoter by
IL-1� and TNF-�. Transfection of 16HBEo� (a) and A549 (b) cells was performed
with the mixture of the luciferase constructs containing various 5� deletions of
the human TSLP promoter and pRSV-�-Gal luciferase control vector. Schematic
representations of promoter elements used are shown on the left. Nineteen
hours after transfection, cells were incubated for 5 h in IL-1� (1 ng/ml) or TNF-�
(10 ng/ml). At that time, cells were harvested, and lysates were prepared for
determination of luciferase activity. Luciferase activity in the whole-cell lysate
was normalized with �-galactosidase activity. Data are the mean � SE of
triplicate data points from a representative experiment of five independent
experiments performed.
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IL-1�-treated cells with Abs against p65 and p50 each induced
supershift of the DNA binding complex (Fig. 4a). The specificity
of NF�B binding to this motif was confirmed two ways. First,
EMSAs performed by using extracts from IL-1�-treated cells

and a probe containing a mutated version of the human TSLP
gene promoter NF�B site failed to generate the shifted complex
(Fig. 4a). Second, formation of the NF�B complex could be
blocked by competition with unlabeled probe of the same
sequence but not with an unlabeled probe containing the mutant
NF�B site (Fig. 4b). These data show that IL-1� stimulation
results in the activation of NF�B, and that a p65/p50 heterodimer
of NF�B binds to the human TSLP gene promoter.

One of the major pathways for NF�B activation involves the
phosphorylation of the inhibitor of NF�B (I�B)�, which is
followed by I�B� degradation and the subsequent migration of
NF�B dimers from cytoplasm to the nucleus (17, 18). To
determine whether this pathway is involved in the transcriptional
activation of human TSLP, we investigated the effect of over-
expressing wild-type NF�B or a dominant-negative mutant of
I�B kinase (IKK)�. The reporter constructs of the human TSLP
gene promoter, containing either a wild-type or mutated NF�B
site, were transfected with an expression vector for the p65
subunit of NF�B in A549 cells. After 19 h, cells were stimulated
with IL-1� for 5 h. As shown in Fig. 5a, overexpression of the p65
subunit resulted in increased expression of the reporter contain-
ing the wild-type NF�B motif. Furthermore, treatment of the
cells with IL-1� further enhanced expression. This induction was
diminished in the construct with mutation in NF�B motif in
human TSLP promoter (Fig. 5a). Conversely, cotransfection of
the wild-type reporter construct with a cDNA encoding a
dominant-negative mutant of IKK� inhibited IL-1�-mediated
transcription in a dose-dependent fashion (Fig. 5b).

Engagement of TLRs on NHBE Cells Induces Human TSLP Expression.
Similar to receptors for IL-1� and TNF-�, engagement of TLRs
also activates NF�B (19, 20). Therefore, we ascertained whether
treatment of NHBE cells with TLR ligands would activate TSLP

Fig. 3. Identification of an upstream cis-positive element involved in the
activation of human TSLP transcription by IL-1� stimulation. The 16HBEo� cells
were transfected with the mixture of the luciferase constructs containing addi-
tional 5� deletion constructs (a) in �4.0 to �3.3 kb of the human TSLP promoter
or various mutation constructs (c) and pRSV-�-Gal luciferase control vector. The
experiments were carried out as described in the legend to Fig. 2. Schematic
representations of human TSLP promoter reporter constructs are shown on the
left. (b) Nucleotide sequence from �3.86 to �3.74 kb relative to the start site of
human TSLP. The position of the NF�B, IRF-1, Opaque-2, and AP-1 binding site are
indicated. All results are representative of three independent experiments.

Fig. 4. NF�B binds to the NF�B motif of the human TSLP promoter. Nuclear
extracts prepared from A549 cells stimulated with IL-1� were incubated with
labeled oligonucleotide probes and subjected to EMSA. Arrows indicate specific
binding activity. For supershift assay (a), nuclear extract was preincubated with 1
�g of normal rabbit IgG, rabbit anti-NF�B p65, or rabbit anti-NF�B p50 for 1 h
before the addition of labeled oligonucleotide probe. For competition assay (b),
the reaction was preincubated with 12.5- to 50-fold molar excess of unlabeled
oligonucleotide for 5 min before the addition of labeled oligonucleotide probe.

Fig. 5. IL-1� regulates NF�B activation and transcription from the human
TSLP promoter via the IKK pathway. The A549 cells were transfected with the
mixture of the luciferase constructs containing human TSLP promoter, NF�B
expression plasmid (a) or dominant-negative mutant of IKK� (b) and pRSV-
�-Gal luciferase control vector. The experiments carried out as described in the
legend to Fig. 2. The A549 cells were stimulated with IL-1� (1 ng/ml) for 5 h. All
results are representative of three independent experiments.

916 � www.pnas.org�cgi�doi�10.1073�pnas.0607305104 Lee and Ziegler



gene expression. Using RT-PCR analysis, we have determined
that NHBE cells express TLR2, TLR3, TLR4, TLR8, and TLR9
(data not shown). To examine TSLP expression, NHBE cells
were stimulated with agonists for TLR2, TLR3, TLR4, TLR8,
and TLR9, and TSLP gene expression was assessed by real-time
quantitative PCR. Agonists for TLR2, TLR8, and TLR9 led to
an increase in TSLP gene expression at both 2 and 20 h of
stimulation (Fig. 6 and data not shown). In contrast, TSLP
mRNA levels were only marginally increased or were unaffected
in cells treated with TLR3 and TLR4 ligands. Taken together,
these data indicated that TLR2, TLR8, and TLR9 can induce
human TSLP expression in AECs.

Mouse TSLP Gene Is also Regulated by NF�B. To examine the
regulation of the mouse TSLP gene, the mouse lung epithelial
cell line (MLE12) was used (21). To determine the region of the
TSLP promoter responsible for inducible expression, the �5.0-,
�4.0- and �3.0-kb regions from the start of translation were
amplified by PCR and subcloned into pGL-2 basic vector. This
construct was transfected into MLE12 cells, and luciferase
activity was measured after treatment with IL-1�. As shown in
Fig. 7a, the �5.0- and �4.0-kb constructs had activity in the
MLE12 cells without treatment. However, after treatment with
IL-1� cytokine, the level of activity increased �2-fold. Thus,
both the human and mouse TSLP genes show inducible expres-
sion in AECs after exposure to the inflammatory cytokine IL-1�.
To further characterize the sequences responsible for this in-
ducible expression, a series of 5� deletions were generated from
the �4.0- to �3.0-kb promoter fragment and tested in MLE12
cells for inducible expression after cytokine treatment. Con-
structs that contain sequence 5� of �3.6 kb showed inducible
expression, whereas those lacking this region did not (Fig. 7b).
Therefore, a region between �3.6- and �3.8-kb 5� of the start of
transcription of the mouse TSLP gene controls cytokine-
mediated transcription. An inspection of the sequence showed
the presence of two putative NF�B binding sites. The sites were
mutated individually or together to determine their potential
role in cytokine-mediated TSLP transcription. Mutation of the
3� site, but not the 5� site, eliminated IL-1�-mediated induction
of the promoter construct (Fig. 7c). From these data we can
conclude that the inducible expression of the human and mouse
TSLP genes requires activation of NF�B and subsequent binding
to a site around �3.6 kb upstream of the start of transcription.

Previous work has shown that epidermal ablation of the
nuclear receptors Retinoid X receptor (RXR)� and RXR�

resulted in development of an atopic dermatitis-like disease that
included elevated expression of TSLP (22). These authors also
identified two possible RXR binding sites upstream of the TSLP
gene (base pairs �1049 to �1062 and base pairs �2164 to
�2175). To determine whether these sites were involved in
regulating TSLP gene expression, promoter constructs were
generated containing deletions of each site, using the mTSLP/
3.8-kb promoter construct as template. These constructs were
transfected into MLE12 cells, and luciferase activity was mea-
sured. As shown in Fig. 7d, deletion constructs have no effect in
transcriptional activity of mouse TSLP gene, whereas a construct
lacking the NF�B site showed a marked decrease in activity. This
result suggested that these sites are not required for the regu-
lation of mouse TSLP gene expression.

Fig. 6. TLR2, TLR8, and TLR9 induce human TSLP expression on NHBE cells.
NHBE cells were incubated with the TLR2 agonist lipoteichoic acid (10 �g/ml),
the TLR3 agonist poly(I�C) (5 �g/ml), the TLR4 agonist LPS (10 �g/ml), the TLR8
agonist poly(CpG) (5 �g/ml), and the TLR9 agonist CpG-B (5 �g/ml) for 2 or 20 h.
Total RNA was extracted, and human TSLP mRNA was measured by real-time
quantitative PCR. TSLP mRNA level was normalized with GAPDH. Data are the
mean � SE of triplicate data points from a representative experiment and
represent cells treated with agonist for indicated TLR. Results are represen-
tative of three independent experiments.

Fig. 7. Identification of an upstream cis-positive element involved in the
activation of mouse TSLP transcription by IL-1� stimulation. The MLE12 cells
were transfected with the mixture of the luciferase constructs containing
�5.0, �4.0, or �3.0 kb of the mouse TSLP promoter (a), 5� deletion constructs
in �4.0 to �3.0 kb of the mouse TSLP promoter (b), NF�B mutation constructs
(c), or retinoid X receptor (RXR) deletion constructs (d); in every case, pRSV-
�-Gal luciferase control vector was added. The experiments were carried out
as described in Fig. 2 legend. Schematic representations of mouse TSLP pro-
moter reporter constructs are shown on the left. All results are representative
of three independent experiments.
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Discussion
Many studies have shown an important role for AECs in the
progression and attenuation of inflammatory diseases (23–25).
AECs are intimately associated with both dendritic cells and
macrophages, and interactions between AECs and these cell
populations shape the responses in airways to infection and
allergen challenge (26). The cytokine TSLP, which is expressed
in the lung primarily by AECs, has been shown to be necessary
and sufficient for the development of airway inflammation in
mice (12). In addition, elevated levels of TSLP mRNA were
found in the airway epithelium from asthmatics (11). Despite its
importance in allergic inflammatory responses, the factors that
control TSLP gene expression are poorly understood.

In this study, we demonstrate that the inflammatory mediators
IL-1� and TNF-� can induce TSLP expression in human AECs
via an NF�B-mediated pathway. NHBE cells have a low basal
expression of TSLP, which can be elevated after exposure to
IL-1� or TNF-�. This increase in expression was seen at both the
mRNA and protein levels, which suggests that a transcriptional
mechanism was responsible. This was confirmed through anal-
yses mapping the sequences in the TSLP promoter involved in
IL-1� and TNF-�-mediated induction, using the human lung
epithelial cell lines A549 and 16HBEo�. Although we cannot
rule out the presence of additional regulatory elements further
upstream, these studies revealed a single NF�B site 3.7 kb
upstream of the start of transcription that was required for
inducible expression of the reporter. Several lines of evidence
support the importance of this site, and of NF�B, in TSLP gene
regulation. First, mutation of this site in the TSLP promoter–
reporter construct eliminated IL-1�-mediated induction. Sec-
ond, EMSA experiments showed that this site was capable of
binding NF�B in nuclear extracts from IL-1�-treated cells, and
that the complex consisted of p50/p65 NF�B. Third, overexpres-
sion of p65 in A549 cells resulted in increases in basal TSLP
expression and IL-�-induced expression. Finally, expression of a
dominant-negative version of IKK� resulted in an inhibition of
IL-1�-mediated induction of TSLP gene expression. These data
demonstrate that activation of NF�B and subsequent binding to
the �3.7-kb element is critical for induction of TSLP gene
expression by IL-1� and TNF-�.

We have found that TSLP expression is induced by inflam-
matory stimuli, including the cytokines IL-1� and TNF-� and
ligands for TLR2, TLR8, and TLR9 (27). A common element in
the signaling pathways from each of these stimuli is the activation
of NF�B. However, given the broad nature of NF�B activation,
it seems likely that other factors are involved in regulating TSLP
expression. In fact, Li et al. (22) have shown that mice with
targeted deletion of RXR� and RXR� in the epidermis develop
a skin inflammatory disease similar to atopic dermatitis. This
disease development is accompanied by increased TSLP expres-
sion in the epidermis, suggesting that RXRs are involved in
repressing transcription of the TSLP gene. Consistent with this,
they found two nuclear receptor binding sites in the mouse TSLP
gene promoter (22). RXRs function as binding partners for a
wide variety of nuclear receptors, including members of the
retinoic acid receptor family (28, 29) and the vitamin D receptor
(30) and can act as either transcriptional activators or repressors,
depending on the binding partner and the presence or absence
of ligands (31–33). Recently, this same group showed that topical
administration of 1�,25-(OH)2D3, the active form of vitamin D3,
led to induction of TSLP expression (34). Li et al. (34) inter-
preted this finding to suggest that an RXR/vitamin D receptor
heterodimer binds to the TSLP promoter, and that in the
absence of ligand, it represses transcription; however, in the
presence of ligand, it activates expression. However, our data
argue against this interpretation. As shown in Fig. 7d, deletion
of the putative RXR binding sites in the mouse TSLP promoter

did not affect activity of a reporter containing the mouse TSLP
gene promoter. In addition, we have found that treatment of
16HBEo� cells with IL-1� and 9-cis-retinoic acid (a ligand for
RXRs) inhibited both IL-1�-induced and basal expression of
TSLP (data not shown), suggesting that RXRs, when bound to
ligand, may play a role in repressing TSLP gene transcription,
possibly through direct affects on NF�B activation.

In summary, we have shown that TSLP gene expression is
induced in both human and mouse AECs after exposure to
proinflammatory cytokines IL-1� and TNF-� and TLR2, TLR8,
and TLR9 ligands. The effect of these cytokines and inflamma-
tory stimuli in both species is mediated by NF�B. Thus, TSLP
gene regulation is similar in human and mouse, which suggests
a common function for TSLP in the initiation and/or mainte-
nance of T helper 2-type inflammatory responses.

Materials and Methods
Reagents. Antibodies to normal rabbit IgG, NF�B p65 (sc-109X)
and NF�B p50 (sc-114X) were purchased from Santa Cruz Bio-
technology (Santa Cruz, CA). Recombinant human IL-1� and
TNF-� were purchased from R&D Systems (Minneapolis, MN).
LPS from Salmonella enterica Re595 and lipoteichoic acid from
Staphylococcus aureus were purchased from Sigma–Aldrich (St.
Louis, MO). Poly(I�C) was purchased from Invitrogen (Carlsbad,
CA). Poly(G10) (G*GGGG*G*G*G*G*G) and CpG-B
(T*C*G*T*C*G*T*T*T*T*G*T*C*G*T*T*T*T*G*T*C*G-
*T-*T) were synthesized by Operon Biotechnologies (Huntsville,
AL). Asterisks denote phosphorothioate linkage.

Cell Lines. NHBE were purchased from Clonetics (Walkersville,
MD). The human bronchial epithelial cell line 16HBEo� was
kindly provided by Dieter C. Gruenert (California Pacific Med-
ical Research Institute, San Francisco, CA). These cells were
grown in bronchial/tracheal epithelial-cell basal medium (Cam-
brex, East Rutherford, NJ), to which bovine pituitary extract (13
�g/ml), hydrocortisone (0.5 �g/ml), human recombinant epider-
mal growth factor (0.5 �g/ml), epinephrine (0.5 �g/ml), trans-
ferrin (10 �g/ml), insulin (5 �g/ml), retinoic acid (0.1 �g/ml),
triiodothyronine (6.5 �g/ml), gentamicin (50 �g/ml), and am-
photericin B (50 �g/ml) were added. The human lung epithelial
cell line A549 was purchased from ATCC (Manassas, VA) and
maintained in MEM supplemented with 10% FBS, 100 units/ml
penicillin, and 0.1 mg/ml streptomycin. MLE12 cells were grown
in Hite’s medium supplemented with 2% FBS, 100 units/ml
penicillin, and 0.1 mg/ml streptomycin.

Plasmid Construction. Original mouse and human promoter frag-
ments were isolated by PCR, using primers generated from
genomic sequences of the respective genes. Promoter length was
determined from the translational start site (data not shown). All
constructs that contain deletions of the human TSLP promoter
were subsequently amplified from this cloned genomic DNA,
using Pfx DNA polymerase (Invitrogen), MluI-ended primers,
and NheI-ended antisense primers. Amplified fragments were
then cloned into the pGL2 or pGL3-basic vector (Promega,
Madison, WI). A series of internal deletion fragments were
generated by digestion with EcoRI (base pairs �2998 and �136)
and then cloned into pGL3-promoter vector. Mutant constructs
were performed by using a QuikChange site-directed mutagen-
esis kit (Stratagene, La Jolla, CA). The luciferase reporter
construct that contained the human or mouse TSLP promoter
was used as the DNA template. The mutations in the binding
sites for human NF�B (GGGAAACTCCA changed to Gt-
tcAACTCCA), human AP-1(TGTCATTG changed to TGTt-
gTTG), human IRF-1 (AAAGAGACAG changed to ggctAGA-
CAG), human Opaque-2 (CCATCTCATC changed to
CCaTCTtgTC), mouse NF�B 1 (GAAAATTACC change to
GAAAATTgaa), and mouse NF�B 2 (AGGAATTTCC
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changed to AttcATTTCC) were verified by sequence analysis.
Two putative sequences that resembled RXR binding sites
(GGGTCAGGGGACA and AGCTCAACAGGTCA) were de-
leted in the mouse TSLP promoter to generate RXR-del1 and
RXR-del2, respectively. To generate the human NF�B expres-
sion vector, cDNA encoding NF�B was amplified by PCR and
cloned into pcDNA3.1 expression vector (Invitrogen). Domi-
nant-negative I�B was kindly provided by Christopher B. Wilson
(University of Washington School of Medicine).

Transfection and Luciferase Assay. Cells (3 � 105) were plated in
35-mm or 60-mm dishes and transfected with 1 �g of luciferase
reporter plasmid driven by wild-type or mutated TSLP promoter
and 1 �g of a �-galactosidase plasmid driven by the Rous
sarcoma virus long-terminal repeat promoter (pRSV-�-Gal)
using Mirus transfection reagent (Mirus, Madison, WI) accord-
ing to the manufacturer’s protocol. After transfection, cells were
cultured for 19 h, then stimulated for 5 h with cytokines IL-1�
or TNF-�. In the experiment using cDNA expression plasmids,
a mixture containing 1 �g of luciferase plasmid, 0.2 �g of cDNA
expression plasmid, and 1 �g of pRSV-�-Gal plasmid was used
to transfect the cells, which were then cultured for 24 h. The total
amount of DNA was kept constant with control plasmid. Cells
were harvested and lysed in 100 �l of lysis buffer (Promega).
Luciferase activity and was measured by using a Lumat LB9507
luminometer (Berthold, Bad Wildbad, Germany). Relative lu-
ciferase activity was given as the ratio of relative light units to
relative �-galactosidase units. In each experiment, samples were
analyzed in triplicate, and each experiment was repeated at least
twice.

Real-Time Quantitative PCR. Total RNA was prepared with an
RNeasy kit (Qiagen, Valencia, CA) according to the manufactur-
er’s protocol. PCR amplification was performed on ABI 7700
Sequence Detector (Applied Biosystems, Foster City, CA). For

each sample, the PCR was performed in duplicate with the Plan-
tium SYBR Green qPCR Super Mix-UDG with ROX (Invitrogen).
Melting curves of the amplified products were determined to
identify the amplicon. Threshold cycle numbers were analyzed by
using Sequence Detection System, version 2.2 (Applied Biosystems)
and transformed by using the �Ct or ��Ct method as described by
the manufacturer. The level of human TSLP mRNA was normal-
ized with that of GAPDH (data not shown).

EMSA. Nuclear extract was prepared as described in ref. 35.
Nuclear extract (5 �g) was incubated for 20 min at room
temperature with 2 ng of labeled oligonucleotide probe in 10 �l
of binding buffer [20 mM Tris�HCl (pH 7.5)/0.1 mM EDTA/4
mM DTT/40 mM NaCl/0.05% BSA/10% glycerol/0.125% Non-
idet P-40) containing 1 �g of poly(dI�dC). The reaction mixtures
were applied to 4.5% gel (19:1 acrylamide/bisacrylamide) in
0.5� TBE buffer at 4°C. The gels were dried and exposed to
Kodak BioMax MS film (Kodak, Tokyo, Japan). For competition
assay, the reaction was preincubated with 12.5- to 50-fold molar
excess of unlabeled oligonucleotide for 5 min before the addition
of labeled oligonucleotide probe. For supershift experiments,
the nuclear extract was preincubated with 1 �g of normal rabbit
IgG antibody (Santa Cruz Biotechnology) or NF�B p65 (sc-
109X) or NF�B p50 (sc-114X) for 1 h on ice. The sequences of
double-stranded oligonucleotides used as probes were as follows:
NF�B consensus motif, 5�-AGAGGATCTGTACAGGATGT-
TCTAGAT-3�; hTSLP NF�B motif, 5�-CTGCTAGGGA-
AACTCCATTATTAC-3�; hTSLP NF�B mutated motif, 5�-
CTGCTAAATAAACTCCATTATTAC-3�. Consensus nucleo-
tides are underlined. Mutated nucleotides are in boldface.
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