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Both thymic stromal lymphopoietin (TSLP) and IL-13 are essential cytokines for the develop-

ment of allergic inflammation. However, a causal link between TSLP and IL-13 has not yet been

fully elucidated. This study aimed to investigate whether IL-13 induces TSLP expression and

whether the induction contributes to the development of allergic inflammation. We found that

IL-13 induced TSLP expression in mouse nasal tissue specimens in a Stat6-dependent manner.

In addition, intranasal challenge of mice with IL-13 induced TSLP expression in the nasal

epithelium. Importantly, intranasal IL-13 challenge induced eosinophilia and goblet cell

hyperplasia in the nasal mucosa in mice, which was inhibited by the blockade of TSLP activity

with anti-TSLP Ab. These findings suggest that TSLP is an important mediator of IL-13-driven

allergic inflammation in the nasal mucosa. Taken together with the recent findings that IL-13 is

a critical downstream element for TSLP-driven allergic inflammation, TSLP may function both

upstream and downstream of IL-13, thus providing an additional rationale as to why TSLP

plays such a central role in the development of allergic inflammation.
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Introduction

Thymic stromal lymphopoietin (TSLP) is an IL-7-like cytokine,

which binds to a TSLP receptor (TSLPR) consisting of the IL-7

receptor a-chain and a common g receptor-like chain [1, 2]. TSLP

was originally identified as a factor derived from a thymic stromal

cell line that could support the growth of a mouse B-cell line [3].

However, recent evidence has demonstrated TSLP, derived from

epithelial cells, to be a critical factor for allergic inflammation

[1, 2, 4]. For instance, transgenic mice expressing TSLP in

keratinocytes or in lung epithelial cells develop atopic dermatitis-

or asthma-like inflammation in the skin or the lung, respectively,

while TSLPR-deficient mice fail to develop an inflammatory lung

response to inhaled antigen [5–7].

IL-13, a Th2-type cytokine, is a central mediator for allergic

inflammation [8, 9]. The blockade of IL-13 markedly inhibits

allergen-induced airway hyperresponsiveness, mucus production,

and eosinophilia whereas IL-13 delivery to the airway causes
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these effects in mice [8–11]. Therefore, IL-13 as well as TSLP is

necessary and sufficient for the development of allergic inflam-

mation. However, the relationship between TSLP and IL-13 in

allergic inflammation has not yet been fully elucidated.

This study thus investigated the causal link between IL-13 and

TSLP in allergic inflammation. For this purpose, we examined the

effects of IL-13 on TSLP expression both in vitro and in vivo using

mouse nasal tissue explants and a mouse model of allergic

inflammation in the nasal mucosa, respectively. The current results

suggest that TSLP is induced by IL-13 and is critical for the

development of IL-13-driven allergic inflammation. Because recent

studies suggest that TSLP-driven skin and lung allergic inflam-

mation relies on intact IL-4/IL-13 responses [12, 13], the roles of

TSLP in the development of allergic inflammation are herein also

discussed by attempting to reconcile these contrasting results.

Results and discussion

IL-13 induces TSLP expression in normal nasal tissue
in a Stat6-dependent manner

To investigate whether IL-13 can induce TSLP expression,

the effects of IL-13 on TSLP expression were first examined

using nasal tissue explants isolated from WT mice.

The nasal tissue specimens were stimulated with IL-13 in vitro

for 24 h and analyzed for TSLP protein levels. IL-13 induced TSLP

production in the nasal tissue specimens in a dose-dependent

manner (Fig. 1A). An immunohistochemical analysis showed

TSLP expression to be predominantly detected in the nasal

epithelium of the tissue specimens (Fig. 1B). In addition, the

nasal tissue specimens derived from mast cell-deficient W/Wv

mice significantly produced TSLP upon IL-13 stimulation

(Fig. 1C), thus suggesting that TSLP was not produced by mast

cells present in the nasal tissue. The nasal tissue specimens

derived from Myd88-deficient mice also produced TSLP upon

IL-13 stimulation (Fig. 1D), thus suggesting that any possible LPS

contamination in recombinant IL-13 reagent or during experi-

mental procedures was not involved in the IL-13-induced TSLP

production. Importantly, IL-13-induced TSLP production was

abrogated in the nasal tissue explants obtained from Stat6-

deficient mice (Fig. 1E).

To further investigate whether IL-13 induced TSLP production

in vivo, the WT mice were intranasally challenged with

IL-13 and nasal tissue samples were collected for subsequent

evaluations. An immunohistochemical analysis showed that the

IL-13 challenge induced TSLP expression predominantly in

epithelial cells in the nasal mucosa (Fig. 2A). These results

suggested that IL-13 induced TSLP expression in the nasal

epithelium.

Figure 1. IL-13 induces TSLP expression in mouse nasal tissue. (A) Nasal tissue explants isolated from BALB/c mice were stimulated with 0.1, 1,
10 ng/mL of IL-13 for 24 h. Culture supernatants were collected and TSLP concentrations were determined by ELISA. (B) Representative image of
nasal tissue explants stimulated with PBS or 10 ng/mL IL-13 and stained with anti-TSLP Ab as described in the Materials and methods. (C–E) Nasal
tissue explants isolated from mast cell-deficient WBB6F1-W/Wv and control WBB6F11/1 mice (C) (n 5 3), Myd88-deficient and control C57BL/6 mice
(D) (n 5 6), or Stat6-deficient and control BALB/c mice (n 5 3) (E) were stimulated with 10 ng/mL of IL-13 for 24 h. Culture supernatants were
collected and TSLP concentrations were determined by ELISA. Data show mean1SD. �po0.05, Mann–Whitney U test (A and C–E). Representative
results from three independent experiments are shown (A–E).
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IL-13-driven allergic inflammation depends on TSLP
expression

To further investigate whether IL-13-induced epithelial TSLP

expression plays an important role in the development of IL-13-

driven allergic inflammation, we examined the effects of anti-

TSLP neutralizing Ab on the development of IL-13-driven allergic

inflammation in mouse nasal mucosa.

Intranasal exposure of IL-13 to the mice described in Fig. 2A

induced eosinophilia and goblet cell hyperplasia in the nasal

mucosa (Fig. 2B and C). The expression of eosinophil-associated

RNase II (mEAR2), a marker of eosinophils [14], and Mucin-5/5ac,

a marker of goblet cell hyperplasia [15], mRNA also increased as a

result of IL-13 exposure in the nasal tissue (Fig. 2D). Importantly,

administration of anti-TSLP neutralizing Ab, but not control Ab,

during IL-13 challenge significantly inhibited the development

of eosinophilia and goblet-cell hyperplasia in the nasal mucosa

associated with a reduced mEAR2 and Mucin-5/5ac mRNA

expression (Fig. 2B–D). These results suggested that IL-13-induced

epithelial TSLP expression was critical for the development of

IL-13-driven allergic inflammation in the nasal mucosa in mice.

IL-13 induces TSLP expression in normal trachea,
lung, and skin tissue

To determine whether IL-13-induced TSLP production is specific to

nasal tissue, other mouse tissue samples were tested. IL-13 induced

TSLP production in the trachea, lung, and skin tissue specimens,

but not in small and large intestinal tissue specimens, isolated from

WT mice, which was abrogated by Stat6-deficiency (Supporting

Information Fig. 1A). Thus, IL-13-induced TSLP production may be

tissue-specific. In addition, IL-13 induced TSLP production in the

trachea, lung, and skin tissue specimens derived from mast cell-

deficient W/Wv mice and Myd88-deficient mice (Supporting

Information Fig. 1B and C), which was consistent with the results

observed in the nasal tissue specimens (Fig. 1).

Previous studies have suggested that TSLP is induced by proin-

flammatory cytokines (e.g. TNF-a or IL-1a), TLR ligands, and vita-

min D in primary human bronchial epithelial cells and keratinocytes

[16–20]. In such cell types, IL-13 alone did not induce TSLP

production in contrast to the current results, although IL-13 was able

to induce TSLP production in synergy with proinflammatory cyto-

kines such as TNF-a[18–20]. The difference from the current results

may be explained by the use of tissue explants in this study. Bogiatzi

et al. reported that TSLP expression was detected at the protein level

when using whole skin explants, but it was not detected using a

primary keratinocyte culture system [19]. Consistently, we found

that IL-13, even in the presence of TNF-a, did not induce TSLP

expression at the protein level in the human nasal epithelial cell line

RPMI 2650 (our unpublished data). Alternatively, because this study

used the tissue explants containing other cell types than epithelial

cells, the major cellular source of TSLP in response to IL-13 may not

be airway or skin epithelial cells and lead to the different results.

Although the immunohistochemical studies showed predominant

TSLP staining in the mouse nasal epithelium (Fig. 1B and

Fig. 2A), it is still possible that TSLP may be released by other cells

(e.g. stromal cells) and bind to the epithelium. This issue will be

clarified in our future studies.

In addition, Bogiatzi et al. reported that TSLP was not induced

by IL-13 alone in their human skin explants [19], which was in

contrast to the current results in the mouse skin explants

(Supporting Information Fig. 1). The discrepancy could be attrib-

uted to the use of tissue samples derived from different species.

Some TSLP effects are likely to differ between humans and mice [1].

The basal levels of TSLP production were reproducibly

observed in nasal, trachea, lung, and skin explants cultured

without IL-13 stimulation (Fig. 1 and Supporting Information

Fig. 1), which was consistent with the findings observed in

human skin explants [21]. Endogenous stimulators of TSLP

production might be released upon the cellular damage asso-

ciated with the tissue isolation and contribute to the basal TSLP

production. This issue is presently under investigation.

IL-13 plays a central role in the development of airway inflam-

mation in asthma and allergic rhinitis [8–11, 22–24]. Recent studies

suggested that TSLP functions upstream of IL-13 in the skin and lung

allergic inflammation [12, 13]. Given the current findings, TSLP may

act both upstream and downstream of IL-13 and contribute to the

initiation and maintenance of allergic inflammation; TSLP acting

upstream of IL-13 may play an important role in the differentiation

of Th2 type cells or in the activation of mast cells to produce IL-13 [1,

2, 4, 21] whereas TSLP acting downstream of IL-13 may play an

important role in the regulation of Th2 cell function [25], in the

maintenance of memory Th2 cells [26], and in the production of

chemokines associated with inflammation [27] (Fig. 3). Thus, TSLP

and IL-13 may form a positive feedback loop to drive allergic

inflammation as also suggested by previous studies [12, 18].

Concluding remarks

IL-13 alone was able to induce TSLP production in the nasal

epithelium and the induction was critical for the development of

IL-13-driven allergic inflammation in the nasal mucosa in mice.

These results may provide an additional rationale as to why TSLP

plays such a central role in the development of allergic inflammation.

Materials and methods

Mice

Female 4–6-wk-old BALB/c, C57BL/6, WBB6F1-1/1, and mast cell-

deficient WBB6F1-W/Wv mice were purchased from Japan SLC

(Tokyo, Japan), Stat6-deficient mice [28] on BALB/c background

were provided by Dr. Hiroshi Nakajima (Chiba University, Chiba,

Japan), Myd88-deficient mice [29] on C57BL/6 background were

purchased from Oriental Yeast (Tokyo, Japan), and these mice were

bred under specific pathogen-free conditions. All animal experiments
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were approved by the Institutional Review Board of the University of

Yamanashi.

Culture of mouse tissue specimens

Following the pulmonary and systemic circulation of the mice rinsed

with PBS, nasal tissue specimens were isolated from the mouse

septum, cut squarely (5 mm�5 mm), and were maintained in

DMEM (Invitrogen-Gibco, Carlsbad, CA, USA) containing 10% FBS

and antibiotics. Trachea, lung, skin, and small and large intestinal

tissue specimens were also isolated from the mice and cultured in

DMEM with 10% FBS and antibiotics. For the ELISA, mouse

recombinant IL-13 (final 10 ng/mL; R&D Systems, Minneapolis,

MN) was added into the ex vivo culture for the indicated times.

ELISA

The amounts of TSLP in the culture supernatants of the nasal tissue,

trachea, or lung explants were determined using the mouse TSLP

ELISA kits (R&D systems) according to the manufacturer’s instructions.

Figure 2. Anti-TSLP neutralizing Ab inhibits the development of IL-13-driven allergic inflammation in the nasal mucosa in mice. Mice were
intranasally challenged with 1 mg IL-13 in 10 mL PBS or PBS only every 24 h for a total of three times and were sacrificed 24 h after the last IL-13
challenge. To block the endogenous TSLP activity, anti-TSLP neutralizing Ab (aTSLP Ab) or the control Ab (control Ab) was administered
intraperitoneally 24 h before the first IL-13 challenge (B–D). (A) Representative images of TSLP expression in the nasal mucosa of mice intranasally
challenged with IL-13 or PBS. The positive staining (brown color) is detected predominantly in the nasal epithelium. (B) Representative images of
Hansel staining (upper panels) or PAS staining (lower panels) of the nasal mucosa specimens obtained from the mice intranasally challenged
with PBS or IL-13 treated with anti-TSLP Ab (aTSLP Ab) or control IgG (control Ab). The arrows indicate the Hansel- or PAS-positive cells.
(C) A quantitative analysis of Hansel-positive eosinophils or PAS-positive goblet cells in the nasal mucosa. Data show mean1SD (n 5 6 per each
group). �po0.05, Mann–Whitney U test. (D) Real-time PCR for mEAR2 and Muc5/5ac expression in the nasal tissue obtained from the mice
challenged with IL-13 or control PBS treated with anti-TSLP Ab (aTSLP Ab) or control IgG (control Ab). (n 5 6 per each group). �po0.05.
(Mann–Whitney U test). Representative results from two independent experiments are shown (A–D).
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Induction of IL-13-driven allergic inflammation in the
nasal mucosa

IL-13-driven allergic inflammation in the nasal mucosa was

established according to a previously established protocol used in

mouse models of asthma [8]. Briefly, the mice were challenged

intranasally with 1mg of IL-13 in 10mL of PBS every 24 h for a total

of three times. The mice were challenged intranasally with PBS in a

similar manner for the negative control. For some experiments, rat

anti-mouse TSLP neutralizing Ab (R&D Systems) or control rat

IgG2a (15 mg/kg per mouse; Santa Cruz Biotechnology, Santa

Cruz, CA, USA) were administered intraperitoneally 24 h before the

first IL-13 challenge. The dosage of the Ab (15 mg/kg) was chosen

based on previous experiments [30, 31].

Histological examination

Twenty-four hours after the final nasal IL-13 challenge, the mice

were killed with carbon dioxide. The heads were removed, fixed,

and decalcified. Coronal nasal sections were then visualized by

staining with Hansel solution (to demonstrate eosinophils), or

periodic acid Schiff (PAS)/hematoxylin (to demonstrate goblet

cells). For immunohistochemistry, the coronal nasal sections

were deparaffinized and stained with either anti-TSLP Ab or

control IgG Ab (both from Santa Cruz Biotechnology) through

the use of peroxidase-based VECTASTAIN ABC kits with DAB

substrate (Vector Laboratories, Burlingame, CA, USA).

Quantification of the histological examinations

The number of Hansel-positive eosinophils in the nasal mucosa or

the number of PAS-positive goblet cells in the total nasal

epithelial lining of the coronal sections was counted microscopi-

cally in a blinded manner and it was expressed as the number per

total length of the total nasal epithelial lining of the coronal

sections (the number/mm) as previously described [31]. Two or

four specimens of the Hansel- or PAS-stained coronal sections

from one mouse were selected. The mean score was calculated,

and then the mean scores were calculated in six animals.

Quantitative real-time PCR

Quantitative real-time PCR with specific primers and probes for

mouse eosinophil-associated RNase II (mEAR2) [14], Muc-5/5ac

[15], and GAPDH (Applied Biosystems, Foster City, CA, USA) was

performed using the AB7300 real-time PCR system (Applied

Biosystems) as previously described [30].

Data analysis

Values represent the mean7SD. Statistical analysis was

performed using the non-parametric Mann–Whitney U test to

compare data in different two groups. A value of po0.05 was

considered to be significant.
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Supporting information Figure 1

IL-13 induces TSLP expression in the normal trachea, lung, and skin tissue. 

A. Nasal, trachea, lung, skin, and small and large intestinal tissue explants isolated from BALB/c mice 
and Stat6-dificient mice were stimulated with 10 ng/ml of IL-13 for 24 hr. 
B, C. Nasal, trachea, lung, and skin tissue explants isolated from mast cell-deficient W/Wv mice (B) 
or Myd88-deficient mice (C) were stimulated with 10 ng/ml of IL-13 for 24 hr. 

Culture supernatants were then collected and the TSLP concentrations were determined by ELISA. 
Values represent the mean ± SD (n =3 per group). *p < 0.05  (Mann–Whitney U test) (A-C).
Representative results from 3 independent experiments are shown (A-C).


