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Abstract
The cytokine thymic stromal lymphopoietin (TSLP) has been implicated in the development and
progression of allergic inflammation in both humans and mice. TSLP has been shown to promote
Th2-type response through upregulation of OX40L on dendritic cells, and through direct induction
of IL-4 production in naïve CD4 T cells. However, its direct effect on effector Th cells has not
been extensively investigated. In this study, we show that the level of TSLPR expression on
mouse effector Th2 cells is higher than on Th1 and Th17 cells, and that TSLP induced
proliferation of effector Th2, but not Th1 and Th17 cells. TSLP also induced the phosphorylation
of Signal Transducer and Activator of Transcription (Stat) 5, and expression of anti-apoptotic
factor Bcl-2 in Th2 cells. Finally, TSLP-mediated proliferation on Th2 cells was enhanced by
TCR stimulation, through IL-4-mediated induction of TSLPR expression. Taken together, these
results indicate that TSLP is involved in exacerbation of mouse Th2-mediated allergic
inflammation in a Th2 environment through direct stimulation of Th2 effector cells.
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Introduction
TSLP is a type I cytokine that most closely related to IL-7. TSLP is expressed primarily by
epithelial cells at barrier surfaces, with the highest levels seen in the skin, gut, and lung [1].
Importantly, TSLP expression was markedly elevated in the lesional skin of human atopic
dermatitis (AD) patients and in the epithelium from asthmatic human patients [2, 3].
Consistent with these observations, mice over-expressing TSLP or treated with TSLP in the
skin or lung developed helper type (Th) 2-type allergic inflammation in the site [4–8]. These
data demonstrate that TSLP is an initiation factor for allergic inflammation.

TSLP exerts its biological activities by binding to a heterodimeric receptor consisting of the
IL-7 receptor α-chain (IL-7Rα) and the TSLP receptor (TSLPR) [9–11]. TSLPR is expressed
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on a variety of cell types, including T cells, B cells, dendritic cells (DCs), and monocytes
[12, 13]. TSLP polarizes human DCs to induce the differentiation of naive T cells into Th2
cells, mediated in part by induction of OX40L expression on DCs [14, 15]. In addition,
TSLP, in conjunction with TCR stimulation, can act directly on naïve CD4 T cells to
promote Th2 differentiation through induction of IL-4 gene transcription [16, 17] . However,
TSLPR expression and direct effects of TSLP on differentiated effector Th2 cells have not
been determined.

In this report we show that TSLPR expression is elevated on Th2, but not Th1 or Th17 cells,
and that TSLP acts to drive the proliferation and cytokine production from committed Th2
cells. We also show that IL-4, acting through IL-4Rα, acts to increase TSLPR expression.
Taken as a whole, these data suggest that TSLP driving the proliferation and survival of
effector Th2 cells provides another means by which TSLP participates in and promotes Th2-
type inflammatory responses.

Results
Expression of TSLP receptor (TSLPR) is increased on Th2 cells in an IL-4-Stat6-dependent
manner

To investigate the level of TSLPR expression on cells from CD4 effector T cell lineages, we
differentiated CD4 T cells under Th1, Th2, or Th17 conditions for 5 days, and confirmed
expression of IFNγ, IL-4, and IL-17 from effecter Th cells after restimulation by
intracellular staining (Fig. 1A). Each subset was analyzed for expression of surface TSLPR
and IL-7Rα chain by flow cytometry and expression of tslpr mRNA by quantitative RT-
PCR (Fig. 1B and C). The surface expression of TSLPR on Th2 cells (76.1%) was higher
than Th1 (46.5%) and Th17 cells (16.1%), and IL-7Rα on Th subsets was expressed
similarly. Corresponding to surface expression of TSLPR, tslpr mRNA expression in Th2
cells was significantly higher than in Th1 and Th17 cells. To confirm the TSLPR expression
on Th2 cells, CD4 T cells from BALB/c and TSLPR−/− mice were differentiated into Th2
cells by IL-4 titration (Fig. 1 D and E). IL-4 production from Th2 cells from TSLPR−/− mice
was equivalent to those from wild-type mice. Expression of TSLPR on wild-type Th2 cells
was increased by IL-4 treatment in a dose-dependent manner.

The data in figure 1E suggested that IL-4 signaling is involved in regulating TSLPR
expression on Th2 cells. We extended these studies by examining TSLPR expression on
Th2-like cells from Stat6−/− mice. TSLPR expression on Stat6−/− Th2 cells was reduced
compared to TSLPR expression on wild-type Th2 cells (Fig. 1F and G). The decreased
expression appeared to be due to lack of IL-4 signaling as TSLPR expression was similar to
wild-type and Stat6−/− Th1 cells. These results indicated that TSLPR expression on Th2
cells was higher than on Th1 and Th17 cells, and that IL-4 treatment increased TSLPR
expression on Th2 cells in a Stat6-dependent manner.

TSLP induced proliferation, phosphorylation of Stat5, and expression of Bcl-2 in Th2 cells
TSLP has been shown to enhance proliferation of human and mouse naïve CD4 T cells after
TCR stimulation [16, 17]. To examine direct TSLP-mediated proliferation of Th subsets,
Th1, Th2, and Th17 cells were cultured with medium, TSLP, or IL-7 for 24 h. Cells were
pulsed with tritium-thymidine for an additional 16 h. Wild-type Th2-skewed cells
proliferated in the presence of TSLP in a dose-dependent manner, while Th1 and Th17 cells
showed very little response (Fig. 2A and B). IL-7 stimulation induced equal proliferation in
these cells. The response of Th2 cells to TSLP treatment was specific as TSLPR-deficient
Th2 cells did not respond to TSLP, but did proliferate following stimulation with IL-7 or
PMA plus ionomycin. Carboxyflorescein diacetate succinimidyl ester (CFSE)-labeled Th2
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cells were stimulated with medium, TSLP, or IL-7, and 2 and 4 days later, the cell division
was assessed (Supporting Information Fig. 1). Consistent with the previous data, TSLP-
treated Th2 cells underwent more extensive proliferation as compared to cells cultured in
medium alone. These results clearly indicate that TSLP significantly induced the
proliferation of Th2 cells, but not Th1 or Th17 cells. Consistent with the reduced TSLPR
expression, TSLP-mediated proliferation of Stat6−/− Th2 cells was reduced compared to
wild-type Th2 cells (Fig. 2C). These results indicated that TSLP-mediated proliferation of
Th2 cells is enhanced through an IL-4-Stat6 pathway.

TSLP induces tyrosine-phosphorylation of Stat5 in human and mouse naïve CD4 T cells
[16, 17]. To examine phosphorylation of Stat5, Th2 cells were cultured with TSLP or IL-7
for indicated time, the Stat5 was detected by western blotting and flow cytometry
(Supporting Information Fig. 2A and B). Phosphorylation of Stat5 in wild-type Th2 cells
was detected by TSLP stimulation, but not in TSLPR−/− Th2 cells.

IL-7 mediated Stat5 phosphorylation has an important function in T cell survival by
increasing the expression of anti-apoptotic molecules, such as Bcl-2 [18, 19]. To determine
whether TSLP affected expression of Bcl-2 in Th2 cells, we examined the Bcl-2 mRNA
expression in Th2 cells following TSLP treatment. Bcl2 mRNA expression was increased in
Th2 cells by both TSLP and IL-7 treatment compared to medium alone (data not shown).
Furthermore, the increased expression of Bcl-2 protein in IL-7- and TSLP-treated Th2 cells
was detected by flow cytometry (Supporting Information Fig. 2C). These results indicate
that TSLP induces the phosphorylation of Stat5 and Bcl-2 expression in Th2 cells in the
absence of TCR stimulation.

TSLP co-stimulation increases Th2 cell proliferation in an IL-4 dependent manner
The data shown above suggests a role for IL-4 in regulating functional cell-surface TSLPR
levels. To further examine the interplay between these cytokines, naïve CD4 T cells from
IL-4-deficient (IL-4−/−) mice were differentiated under Th2 conditions, and expression of
TSLPR, IL-7Rα, common γ chain(γc), and IL-4Rα was measured. All receptors were equally
expressed on wild-type and IL-4 deficient Th2-skewed cells due to the addition of
exogenous IL-4, while, as expected, only the wild-type Th2 cells produced IL-4 (Fig. 3A
and B). In addition, TSLP-mediated proliferation was unaffected (Fig. 3C). TSLP was also
able to co-stimulate with TCR engagement to increase proliferation of wild-type, but not
IL-4-deficient, Th2 cells (Fig. 3D). This co-stimulation was especially apparent at low
concentrations of anti-CD3 (0.01–0.1µg/ml), while activation induced cell death was
induced at high concentrations of anti-CD3 (over 0.3µg/ml). To determine the mechanism of
TSLP-mediated co-stimulation, IL-2 or IL-4 was neutralized in the cultures and proliferation
measured as before. As shown in Figure 3E, blockade of IL-4, but not IL-2, abrogated the
TSLP co-stimulatory effect. As a control, IL-7-mediated co-stimulation was unaffected by
blockade of either cytokine. Consistent with synergy between TSLP and IL-4 in the
promotion of Th2 proliferation , IL-4, in a dose-dependent fashion, increased TSLP-
mediated proliferation of both wild-type and IL-4-deficient Th2 cells (Fig. 3F). Taken as a
whole, these data suggest that IL-4, induced by TCR engagement, acts synergistically in an
autocrine or paracrine fashion with TSLP to drive the proliferation of Th2 cells.

TSLP co-stimulation increases cytokine production
Our previous work showed that TSLP was capable of directly inducing IL-4 production
from TCR-stimulated naïve CD4 T cells [16]. To assess whether TSLP increases CD3-
mediated IL-4 production from differentiated Th2 cells, Th2 cells were generated in vitro,
rested, and then cultured with medium or TSLP with or without anti-CD3 stimulation, and
IL-4 mRNA and Th2 cytokines were determined. Six hours later, the expression levels of
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IL-4 mRNA was significantly increased in the TSLP containing cultures (Supporting
Information Fig 3). In addition, production of IL-4, IL-5, and IL-13 was markedly increased
in cultures containing TSLP, while the level of IFNγ was unaffected (Fig. 4A).

To further examine the affect of TSLP on IL-4 production from Th2 cells, we took
advantage of the KN2 mouse strain. This strain is a knockin/knockout of the IL-4 gene, with
a cDNA encoding human CD2 (hCD2) inserted into the first exon of the IL-4 gene [20].
Homozygous KN2/KN2 mice are IL-4 deficient, but the ability to produce IL-4 can be
determined by measuring cell-surface hCD2 by flow cytometry. Naïve CD4 T cells from
KN2/KN2 mice were differentiated into Th2 cells and then cultured in the presence or
absence of TSLP and increasing amounts of anti-CD3 for 24 hours, and then examined for
hCD2 expression. Consistent with the data shown in Figure 4A, at low concentrations of
anti-CD3 stimulation the number of hCD2+, and thus IL-4 producing cells, in KN2/KN2
Th2 cells were clearly increased in cultures containing TSLP, but not Th1 cells (Fig 4B and
data not shown). Addition of exogenous IL-4, in the absence of TCR stimulation, did not
increase IL-4 producing cells (data not shown). In addition, the amount of IL-4, as measured
by the mean fluorescent intensity (MFI) of hCD2 staining, was increased by TSLP
treatment. Again, similar to what was seen with naïve CD4 T cells, the ability of TSLP to
increase IL-4 production required TCR engagement as TSLP treatment alone did not induce
IL-4 production. These results indicate that TSLP increases TCR-mediated Th2 cytokine
production through TSLPR signaling pathway.

As we showed previously (Fig. 1), TSLPR expression on Th2 cells is regulated by the IL-4-
Stat6 signaling pathway. Next, we examined whether IL-4 produced by TCR-stimulated Th2
cells regulated TSLPR expression. To confirm the TSLPR expression on wild-type and
IL-4−/− Th2 cells, CD4 T cells from BALB/c and IL-4−/− mice were differentiated into Th2
cells and then cultured in the presence or absence of TSLP and increasing amounts of anti-
CD3 for 24 hours. At that time the cells were examined for TSLPR and IL-7Rα expression.
Interestingly, the surface expression of TSLPR on wild-type Th2 cells at TSLP plus low
concentration of CD3 stimulation (71.4%) was clearly higher than on the IL-4−/− Th2 cells
(15.9%; Fig. 5A). TSLPR expression on Th2 cells from both strains was increased by CD3
stimulation in a dose-dependent manner either in the presence or absence of TSLP. To
further determine a role of IL-4 on surface TSLPR expression, wild-type Th2 cells were
cultured in the presence or absence of TSLP and increasing amounts of IL-4 for 24 hours,
and then TSLPR and IL-7Rα expression was measured. Consistent with our previous data,
IL-4 treatment increased the surface expression of TSLPR on Th2 cells in a dose-dependent
manner, in the presence or absence of exogenous TSLP (Fig. 5B), and TSLPR expression
was increased by CD3 stimulation in the absence of TSLP. In addition, IL-4 treatment also
modestly increased the surface expression of TSLPR on Th1 and Th17 cells in the presence
or absence of exogenous TSLP, although the level of increase on Th1 and Th17 cells were
lower than on Th2 cells (Fig. 5C). This result indicated that IL-4 can increase TSLPR
expression, with the effect on Th2 cells greater than that seen on other Th subsets.

Discussion
TSLP has been shown to be an important initiation factor for Th2-type allergic
inflammation. Elevated TSLP expression has been seen in the epidermis of lesional skin
from patients with atopic dermatitis, and in the lungs of asthmatics [2, 3]. In addition, TSLP
has also been shown to be both necessary and sufficient in mouse models of airway
inflammation [7, 21], and to drive a spontaneous atopic dermatitis-like disease when
expressed in the epidermis [6].
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What is somewhat less clear is which cell type is responding to TSLP in these disease
settings. Studies in the human demonstrate that myeloid-derived dendritic cells respond to
TSLP, and promote the Th2 differentiation of naïve CD4 T cells following TSLP treatment
[2, 15]. In addition, Zhou et al have shown that mouse DCs also respond to TSLP through
the production of CCL17 [7]. On the other hand, transfer of wild-type CD4 T cells into
TSLPR-deficient mice restored responses in models of airway inflammation and food
allergy [22, 23]. Consistent with a role for CD4 T cells responding to TSLP, Rochman et al
showed that human CD4 cells up-regulated TSLPR upon TCR stimulation [17], with TSLP
subsequently augmenting the response of these cells to low amounts of IL-2.

None of the studies mentioned above were focused on the potential role of TSLP on effector
Th2 cells. Our lab had previously shown that naïve CD4 T cells, in the presence of TCR
stimulation, responded to TSLP through induction of IL-4 gene transcription [16]. In this
study, we demonstrated that TSLPR expression and TSLP-mediated proliferation on Th2
cells was higher than on Th1 and Th17 cells, and that TSLP stimulation induced the
phosphorylation of Stat5 and Bcl-2 expression in Th2 cells. TSLP also enhanced TCR-
mediated proliferation of Th2 cells through increased IL-4 production. In an atopic
dermatitis model, He et al suggest that TSLP is essential for Th2 cytokine secretion by
antigen-specific skin infiltrating CD4 T cells, although TSLPR expression on the T cells was
not examined [24]. In addition, Th2 cytokines such as IL-4 and IL-13 have been shown to
synergize with innate stimuli (allergens, pro-inflammatory cytokines and TLR agonists) to
increase TSLP expression from epithelial cells of the skin, lung, and gut [25–28].
Interestingly, in our work shown above, IL-4 was capable of maintaining TSLPR levels on
Th2 cells, demonstrating a potential positive feedback loop involving these two cytokines.
Our findings are consistent with a role for TSLP in both the initiation and progression of
allergic inflammatory diseases.

In addition to TSLP and Th2 cells, IL-17 and Th17 cells have been associated with allergic
disease. In asthmatic patienst, the level of IL-17A expression in the lung, bronchoalveolar
lavage, or sera was correlated with the severity of airway hypersensitivity [29], and the
number of Th17 cells in peripheral blood was correlated the severity of acute Atopic
dermatitis [30]. However, it is unclear whether TSLP and IL-17 cooperate to drive allergic
inflammation. Interestingly, exogenous IL-4 was also capable of maintaining TSLPR levels
on Th17 cells (Fig.5C) ,suggesting the possibility of a connection.

Treatment with IL-7 induced down-modulation of the IL-7Rα for signal attenuation, and
also induces a negative feedback molecules for IL-7 signaling, such as Gfi-1 and SOCS-1
[31, 32]. Interestingly, TSLP induces down-modulation of TSLPR and slightly IL-7Rα (Fig.
5) though expression of TSLPR mRNA in TSLP-treated Th2 cells was not affected
(unpublished observation), suggesting the loss of cell surface expression reflected receptor
internalization. This hypothesis is supported by the finding that TSLP induced the
proliferation of proliferation of Th2 cells (Fig.2A). These results may suggest that TSLP
down-regulates surface TSLPR and IL-7Rα expression through internalization, which then
leads to subsequent signaling, both positive and negative as TSLP has been shown to induce
the expression of the SOCS-family gene Cis [33].

TCR and IL-4R signaling has been shown to reduce IL-7Rα expression [31, 34]. On the
other hand, we found that TCR and IL-4R signaling increased TSLPR expression in a
cooperative manner (Figs. 3 and 5). These results indicate that responses to TSLP and IL-7
are differentially regulated by TCR and IL-4 signaling. Also, as IL-7Rα is shared by both
TSLP and IL-7 receptor complexes, these data suggest that these stimulated Th2 cells are
poised to respond to TSLP through expression of TSLPR, but still require additional signals
to express IL-7Rα. Taken together one possible scenario is that TSLP responsiveness is not
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required during active stimulation of Th2 cells in lymph nodes where TCR and IL-4 can
provide appropriate growth and survival signals. However, at tissue sites where these factors
are absent, signaling through the TSLP receptor complex can provide these signals. IL-7Rα
expression has been shown to resume in the absence of TCR stimulation [35, 36], thus
allowing responsiveness to TSLP that is present in the tissue.

As described previously, we had shown that naïve CD4 T cells were capable of Th2-type
differentiation following TCR engagement in the presence of TSLP [16]. In this system,
TSLP acted to induce IL-4 gene transcription, with subsequent Th2 differentiation
dependent on IL-4. These data suggest that TSLP is acting as a differentiation factor,
possibly through remodeling of the chromatin at the IL-4 locus. In the current study we
show here that, under conditions of low TCR stimulation, TSLP enhanced Th2 cell
proliferation through induction of IL-4. Thus, TSLP can affect Th2 cells both at their
induction and following their differentiation into effector cells.

The mechanism by which TSLP enhances IL-4 expression in Th2 cells is IL-4-independent
as IL-4-deficient KN2/KN2 mice showed increased cell-surface hCD2 expression (Fig. 4B).
Zhu et al. reported that IL-2 could promote IL-4 gene transcription through a Stat5-
dependent remodeling of the IL-4 locus [37]. We showed TSLP induces the phosphorylated
Stat5 in Th2 cells (Supporting information Fig. 2A and B), and that TSLP-mediated
proliferation of Th2 cells is IL-2 independent (Fig. 3E). Taken together, these results show
that TSLP can replace IL-2 as a co-stimulator of Th2 cell proliferation through its ability to
activate Stat5.

An interesting aspect of this study is the finding that IL-4 signaling maintains TSLPR
expression on Th2 cells (Fig. 1). Little is known as to the regulation of TSLPR gene
expression. These data suggest that Stat6 signaling, in the presence of TCR stimulation, can
induce and/or maintain TSLPR expression. Consistent with this observation, CD4 T cells
from Stat6-deficient mice showed no increase in TSLPR expression when cultured in the
presence of IL-4, displaying the same level of expression as either wild-type or Stat6−/−

CD4 T cells grown under Th1 conditions (Fig. 1). Recently, Wei et al. reported that the
TSLPR locus is a Stat6-target gene in Th2 cells, using genome-wide analyses. They also
found that the pattern of TSLPR expression on wild-type Th1, Th2, and Sta6−/− Th2 cells
was similar to our data [38]. As TSLPR is expressed by Stat6−/− Th2 cells this suggests that
IL-4-dinducible, but not basal, expression of TSLPR is Stat6-dependent. In addition, TSLP-
mediated proliferation of Stat6-deficient Th2 cells was dramatically reduced when compared
to wild-type Th2 cells (Fig. 2). Thus, Stat6 signaling appears to promote TSLP-mediated
Th2 cell proliferation indirectly through increased TSLPR levels and possibly directly by
through activation following TSLP exposure.

Cell surface TSLPR expression by Th1 and Th17 cells differed, with somewhat lower
expression in Th17 cells, in spite of both subsets having similar levels of tslpr mRNA and
similar proliferative responses to TSLP (Fig. 1). Thus, these results may indicate that surface
TSLPR expression is specifically down modulated on Th17 cells. In support of this notion,
TGFβ treatment of resting Th2 cells resulted in reduced levels of surface TSLPR
(unpublished observation). As TGFβ is involved in Th17 differentiation, these data suggest
an explanation for the reduced levels of cell surface TSLPR expression on Th17 cells.

These data suggest a model for the role of TSLP in inducing and maintaining Th2 cells
(Supporting information Fig. 4). In naïve CD4 T cells, TSLP can begin Th2 differentiation
through direct induction of IL-4 gene transcription. Once CD4 T cells undergo full
differentiation to Th2 effectors, TSLP can co-stimulate their proliferation through increased
IL-4 production. IL-4, in turn, can act in a positive feedback loop to maintain, and possibly

Kitajima et al. Page 6

Eur J Immunol. Author manuscript; available in PMC 2012 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



increase, TSLPR levels, allowing for continued responsiveness to TSLP present in the
microenvironment. As TSLP is primarily expressed by epithelial cells at barrier surfaces
[39], this provides a mechanism for maintaining Th2 cells at these sites. These results have
implications in normal barrier homeostasis, where a Th2 environment maintains barrier
integrity, as well as in allergic-type inflammation, where TSLP may act on Th2 cell directly
to drive the inflammatory response [2, 3, 6, 7].

Materials and methods
Animals

Female BALB/c, and Stat6-deficient (Stat6−/−) and IL-4-deficient (IL-4−/−) mice on BALB/
c background were purchased from Taconic Farms and Jackson Laboratory. Kn2 mice on
BALB/c background were provided by Dr. Richard Locksley (UCSF; [20]). Tslpr-deficient
(TSLPR−/−) mice were backcrossed to BALB/c for 12 generations. All mice for this study
were maintained under pathogen-free conditions. All animal procedures were performed in
accordance with IACUC guidelines at the Benaroya Research.

Flow Cytometry Analysis
In general, one million cells were stained with antibodies as indicated according to a
standard method [16, 40, 41]. For surface staining, the Abs, allophycocyanin-conjugated
anti-TSLPR mAb [33], and PE-conjugated anti-IL-7Rα mAb , FITC-conjugated anti-CD25
mAb , FITC-conjugated anti-CD44 mAb , PE-conjugated anti-common gamma chain mAb
and Biotin-conjugated anti-IL-4Rα mAb, and allophycocyanin -conjugated streptavidin
(eBioscience or BioLegend, ) were used. For cytokine intracellular staining, the Abs,
allophycocyanin-conjugated anti-IL-4 mAb , FITC-conjugated anti-IFNγ mAb , PE-
conjugated anti-IL17A mAb (eBioscience) were used. For the phosphorylated Stat5
intracellular staining, Alexa 488-conjugated anti-Stat5 (Y694) mAb (BD Biosciences) was
used. For the Bcl-2 intracellular staining, FITC-conjugated anti-Bcl-2 mAb was used (BD
Biosciences).

In vitro Th1/Th2/Th17 cell differentiation cultures
Effector Th1/Th2 cells were generated as previously described [16, 42, 43]. Briefly, splenic
CD62LhighCD4 T cells were purified and stimulated with immobilized anti-CD3ε mAb
(2C11; 3µg/ml; eBioscience) and anti-CD28 mAb (1µg/ml; eBioscience) under Th1, Th2,
and Th17 conditions for 5 days: Th1 cell differentiation, IL-2 (25U/ml), IL-12 (1ng/ml),
anti-IL-4 (11B11; 1µg/ml; National Institute of Health); Th2 cell differentiation, IL-2 (25U/
ml), IL-4 (0.01–10ng/ml; eBioscience), anti-IFNγ mAb culture supernatant (R4-6A2); for
Th17 cell differentiation, IL-6 (30ng/ml), TGFβ (5ng/ml), anti-IFNγ mAb culture
supernatant (R4-6A2), anti-IL-4 mAb (11B11; 1µg/ml; National Institute of Health), anti-
IL-2 mAb (JES6-1A2; 1µg/ml; eBioscience), IL-1β (10ng/ml; eBioscience) and IL-23
(40ng/ml; eBioscience).

Quantitative RT-PCR analysis
Total RNA was isolated from the cells using the GenElute Mammalian Total RNA Kit
(SIGMA), and reverse transcription was performed with Superscript II RT (Invitrogen)
according to the manufacture’s protocol. PCR amplification was performed on ABI
7700Sequence Detector (Applied Biosystems, Foster City, CA). Quantitative RT-PCR was
performed as described [16]. The expression was normalized by the gapdh signal. The
primers used as follows:

tslpr forward, 5’-GAGAGCAATGACGATGAGGAC-3’; tslpr Reverse,
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5’-GAAAGCCTTGTCACCGCTGT-3’; bcl-2 forward,

5’-CATGTGTGTGGAGAGCGTCAA-3’; bcl-2 reverse,

5’-GTCTTCAGAGACAGCCAGGA-3’; gapdh forward,

5’-TGCACCACCAACTGCTTAG -3’; gapdh Reverse,

5’-GGATGCAGGGATGATGTTC -3’;

Proliferation assay
For some experiments, Th2 cells were stimulated in 200 µl cultures for 24 h with medium,
TSLP (50ng/ml), IL-7 (10ng/ml), PMA (20ng/ml) plus ionomycin (500nM) with or without
titrated IL-4 (0.03–10ng/ml; eBioscience) or plate-bound anti-CD3ε antibody (2C11; 0.01–
3µg/ml, eBioscience). Proliferation was measured either by [3H] thymidine (37 kBq/ well)
incorporation for the final 16h of culture, or by CFSE dilution following labeling of cells
with 5µM CFSE (Molecular Probes) for 8 min at 37 °C before stimulation. Then, cells were
cultured with medium, TSLP (50ng/ml), and IL-7 (10ng/ml) for 2 or 4 days.

Western blotting analysis
Rested Th2 cells were stimulated with TSLP (50ng/ml) or IL-7 (10ng/ml) for 0.5, 1, 2 hours.
Cell extracts were prepared using triple-detergent lysis buffer including complete protease
inhibitor (Sigma-Aldrich). Cell extracts were resolved by 10% SDS-PAGE gel and
transferred to nitrocellulose membrane (Bio-Rad). The membranes were immunoblotted
with anti-phospho-Stat5 mAb (Cell Signaling) and anti-Stat5 mAb (Cell Signaling). The
levels of protein were visualized with HPR-conjugated rabbit anti-mouse IgG by ECL
detection system (Amersham Pharmacia).

Statistical analysis
The significance between two groups was determined by two-tailed Student’s t test.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Abbreviations

IL-4−/− IL-4-deficient

Stat6−/− Stat-6-deficient

Tg transgenic

OVA Ovalbumin
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Figure 1. Increased TSLPR expression on Th2 cells by IL-4-Stat6 dependent pathway
CD4+CD62hi T cells from BALB/c mice were stimulated with immobilized anti-CD3 mAb
and anti-CD28 mAb under Th1/Th2/Th17 conditions for 5 days. (A) Cells were re-
stimulated by anti-CD3 mAbs for 6hr and then assessed for IFNγ, IL-4 and IL-17 production
by intracellular staining. (B) Cell-surface levels of TSLPR and IL-7Rα were measured by
flow cytometry and compared to isotype staining samples. (C) mRNA levels of tslpr and
gapdh were determined by quantitative RT-PCR. The relative intensity (/gapdh) is shown
with standard deviation ( n=3). (D, E) CD4+CD62hi T cells from BALB/c and
TSLPR−/−mice were differentiated into Th2 cells and cultured in varying doses of IL-4 for 5
days. (F, G) CD4+CD62hi T cells from BALB/c and Stat6−/−mice were differentiated into
Th1 orTh2 cells. Cells were measured for IFNγ and IL-4 production by intracellular staining
(D, F), and for cell-surface expression of TSLPR and IL-7Rα (E, G). The underlined value
represents the percentage of TSLPR+ cells and the value in parenthesis represents the Mean
Fluorescence Intensity of TSLPR+ cells. Three independent experiments were performed
with similar results. *p<0.01 by Student’s t test.
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Figure 2. TSLP induces proliferation of Th2 cells
(A) Naïve CD62LhiCD4 T cells were differentiated into Th1, Th2, and Th17 lineages. The
cells were cultured with medium, TSLP (50ng/ml), or IL-7 (10ng/ml) for 24 hr, then pulsed
with 3H-thymidine for an additional 16 h and proliferation measured. (B) Wild-type and
TSLPR−/−Th2 cells and (C) BALB/c and Stat6−/−Th1/Th2 cells were cultured in the
presence or absence of the indicated concentration of TSLP, IL-7, or with PMA
+ionomycin, and proliferation measured as in panel A. Data shown are mean+/− SD of
threeindependent experiments. *p<0.01 by Student’s t test.
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Figure 3. IL-4 enhances TSLP-mediated co-stimulation of Th2 cells
Naïve CD62LhiCD4 T cells from BALB/c and IL-4−/−mice were differentiated under Th2
conditions for 5 days. After washing of cells, cytokine production was assessed by
intracellular staining (A). (B) TSLPR, IL-7Rα, IL-4Rα, and common γ chain expression
were detected by flow cytometry. The underlined value represents the percentage of TSLPR
+ cells and the value in parenthesis represents the Mean Fluorescence Intensity of TSLPR+
cells. (C) Proliferation was measured by 3H-thymidine incorporation following culture with
medium, TSLP, or IL-7. (D) Wild-type and IL-4−/−Th2, and wild-type Th1 cells were
cultured with medium, TSLP, or IL-7 in the presence or absence of plate-bound anti-CD3 (at
indicated concentration) and proliferation was measured by 3H-thymidine incorporation. (E)
Wild-type Th2 cells were cultured with medium, TSLP, or IL-7 with either control Ig, anti-
IL-2, or anti-IL-4 Abs (each 2mg / well), and proliferation was measured by 3H-thymidine
incorporation. (F) Wild-type and IL-4−/−Th2 cells were cultured with medium, TSLP, or
IL-7, in the presence or absence of increasing amounts of IL-4, and proliferation was
measured by 3H-thymidine incorporation. Data shown are mean +/− SD of three
independent experiments.
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Figure 4. Enhanced IL-4 production by TSLP co-stimulation
Effector Th2 cells were cultured with medium or TSLP in the presence or absence of
increasing plate-bound anti-CD3 antibody. (A) After 48 hours of culture IL-4, IL-5, IL-13
and IFNγ concentration in the culture supernatant was measured by ELISA. (B) KN2/KN2
Th2 cells were cultured with medium or TSLP in the presence or absence of increasing anti-
CD3 antibody for 24 hours, then stained with human CD2 and mouse CD4 antibodies and
analyzed by flow cytometry. The value in parenthesis represents the Mean Fluorescence
Intensity of CD4+ KN2+ cells. Data shown are representative of three independent
experiments.
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Figure 5. Enhanced TSLPR expression by IL-4 treatment on Th1, Th2, and Th17 cells
(A) Wild-type and IL-4−/− Th2 cells were cultured in medium alone or with TSLP in the
presence or absence of plate-bound anti-CD3 (at indicated concentration) for 24 hours. (B)
Wild-type Th2 cells were cultured in medium alone or with TSLP in the presence or absence
of IL-4 (at indicated concentration) for 24 hours. (C) Th1, Th2, and Th17 cells were cultured
in medium alone or with TSLP in the presence or absence of IL-4 for 24 hours. Then,
TSLPR and IL-7Rα expression was detected by flow cytometry. The underlined value
represents the percentage of TSLPR+ cells and the value in parenthesis represents the Mean
Fluorescence Intensity of TSLPR+ cells. Data shown are representative of three independent
experiments.
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