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Introduction

Summary

Recent studies show that thymic stromal lymphopoietin (TSLP) plays a criti-
cal role in the upstream phase of the allergic cascade to induce T helper type
2 cell (Th2)-dominant allergic diseases. However, the effect of blocking TSLP
signalling with the soluble TSLP receptor (TSLPR), TSLPR-immunoglobulin
(Ig), on asthma development needs further investigation. Here, we examined
the effects of TSLPR-Ig on asthmatic airway inflammation and dendritic cell
(DC) function. TSLPR-Ig (comprising the extracellular domain of murine
TSLPR and an IgG2a Fc tail) purified from transfected COS-7 cells reduced
the expression of CD40, CD80 and CD86 on TSLP-activated DCs in vitro. We
also investigated the mechanisms underlying TSLPR-Ig-mediated ameliora-
tion of allergic airway inflammation in a murine asthma model. When TSLP
signalling was blocked by intratracheal administration of TSLPR-Ig prior to
sensitization, allergen-specific serum IgE levels, airway tissue inflammation,
inflammatory cell infiltration and Th2 cytokine levels in the bronchiolar
lavage fluid (BALF) were reduced significantly. This was because of the TSLP-
Ig-mediated down-regulation of co-stimulatory molecule expression on pul-
monary DCs. We also transferred bone marrow-derived mature DCs (mDCs)
into the airways of asthmatic mice. Intratracheal administration of TSLPR-Ig
prior to the transfer of mDCs reduced eosinophilic airway inflammation and
Th2 differentiation significantly. Collectively, these data suggest that local use
of TSLPR-Ig prevents airway inflammation, at least in part, by regulating DC
function, and that blocking TSLP signalling using TSLPR-Ig may be a novel
strategy for the treatment of asthma bronchiale.

Keywords: asthma bronchiale, dendritic cells, ovalbumin, thymic stromal lym-
phopoietin, soluble receptor

therapeutic approaches based on targeting Th2 cells have, so
far, been disappointing. The mechanisms underlying Th2

Asthma bronchiale is a chronic inflammatory disease char-
acterized by reversible airflow obstruction, over-production
of mucus and infiltration of inflammatory cells into the
airways. The over-production and activation of T-helper
type 2 (Th2) lymphocytes plays a critical role in the patho-
genesis of asthma by releasing a variety of cytokines such as
interleukin (IL)-4, IL-5, IL-9 and IL-13 [1,2]. These cytok-
ines are thought to promote infiltration of inflammatory
cells (such as eosinophils, mast cells, T lymphocytes and
neutrophils) into the airways and immunoglobulin (Ig)
isotype switching to IgE [3]. However, dysregulated Th2 cell-
mediated responses do not explain adequately many of the
clinical and molecular aspects of asthma bronchiale. Many
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skewing in allergen-induced asthmatic responses have been
investigated intensively. Airway dendritic cells (DCs) are one
of the most important immune cells in the development of
asthma bronchiale because of their ability to activate naive T
cells and to maintain, and further polarize, primed Th2 cells
in the lung [4,5]. Studies using animal models have high-
lighted the potential of DCs to direct different Th responses
in a manner dependent upon the signals they receive from
the antigen and the tissue environment. Governed by the
signals received at the time of antigen presentation, DCs can
polarize naive T cells into Thl or Th2 effector cells, and
initiate primary immune responses. Increasing numbers of
studies show that the activation of innate pattern recognition
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receptors, such as Toll-like receptors (TLRs) on DCs, plays a
key role in Thl cell differentiation [6]. The mechanisms
underlying DC-mediated Th2 differentiation upon encoun-
tering clinically relevant aeroallergens has also been well
studied [7].

Recent studies show that thymic stromal lymphopoietin
(TSLP) plays an important role in the development of aller-
gic disease [8]. TSLP promotes the migration of myeloid
DCs to the regional lymph nodes, and TSLP-activated DCs
(TSLP-DCs) induce naive T cells to develop into the Th2
cells via OX40 ligand and OX40 co-stimulatory interactions
[9]. TSLP-DCs also produce chemokines [e.g. macrophage-
derived chemokine (MDC) and thymus- and activation-
regulated chemokine (TARC)] which recruit Th2 cells from
the regional lymph nodes to the sites of allergen entry, where
they induce allergic inflammation. Over-expression of TSLP
in dermatitis skin lesions and asthmatic airways, and the
induction of allergic airway inflammation by TSLP trans-
genes, demonstrate an association between TSLP and the
development of allergic disease [10]. Another study shows
that TSLP receptor (TSLPR)-deficient (tslpr™~) mice fail to
develop an asthmatic response to inhaled allergens [11], sup-
porting a critical role for TSLP signalling in allergic airway
inflammation.

TSLP signalling is mediated by a heterodimeric receptor,
which consists of the IL-7 receptor alpha chain and a unique
TSLP receptor chain (TSLPR) [12]. Studies of TSLP signal-
ling show that phosphorylation of signal transducer and
activator of transcription 5 (STAT5) induces and mediates
multiple biological functions following TLSP ligation by its
heterodimeric receptor [13,14]. It is accepted that TSLP rep-
resents a key switch for allergic inflammation; therefore,
blocking TSLP signalling is an attractive intervention for the
treatment of allergic diseases. However, TSLP is associated
with the development and function of immunological
organs; therefore, tslp over-expression or tslpr knock-out
could result in systemic side effects. Indeed, previous studies
have shown that disruption of TSLP signalling is associated
with some immunological disorders [15,16]. Soluble
receptor-based therapy has been used to neutralize the func-
tion of soluble cytokines in vivo. The intrapulmonary appli-
cation of antagonizing agents that target molecules on
effector cells is effective in eliminating the cardinal features
of asthma. In fact, this approach is more effective than other
approaches, such as the intraperitoneal administration of
alpha4 integrin (CD49d) antagonists [e.g. CD49d mono-
clonal antibodies (mADb)] that act on circulating lympho-
cytes to inhibit airway responses [17]. In the present study a
soluble TSLPR, TSLPR-Ig, was prepared by fusing the extra-
cellular domain of murine TSLPR with a murine 1gG2a Fc
tail. We administered TSLPR-Ig locally into the airways of
asthmatic mice to investigate the effects of blocking TSLP
function on airway inflammation. The results suggest that
TSLP-Ig acts, at least in part, by altering the function of DCs,
which are critical in Th2-mediated allergic disorders.
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Materials and methods

Mice

Female Balb/C mice were purchased from the animal centre
of Jingling Hospital and maintained in a pathogen-free
authorized facility where the temperature was maintained at
20-22°C and the humidity was kept at 50-60%. The dark/
light cycle was 12 h. All animal procedures were performed
in accordance with the guidelines of the Institutional Animal
Care and Use Committee.

Ovalbumin (OVA) sensitization and airway challenge

Mice were divided randomly into the four groups (n=6
per group) as follows: (i) mice sensitized with phosphate-
buffered saline (PBS) and challenged with OVA (PBS/OVA;
control group); (ii) mice sensitized and challenged with
OVA (OVA/OVA; model group); (iii) mice pretreated with
control immunoglobulin (Ig)G (AB-108-C; R&D Systems,
Minneapolis, MN, USA) and sensitized and challenged
with OVA (OVA/IgG/OVA; processing control group); and
(iv) mice pretreated with TSLPR-Ig and sensitized and
challenged with OVA (OVA/TSLPR-Ig/OVA; treatment
group). A murine allergic asthma model was established as
described previously [5]. In brief, mice were sensitized by
intraperitoneal injection of 20 ug OVA (grade V; Sigma
Chemical Co., St Louis, MO, USA) emulsified in 2 mg alu-
minium hydroxide in a total volume of 200 pl PBS on days
0 and 14. Non-sensitized control mice were given PBS plus
aluminium hydroxide without OVA. On days 28, 29 and 30,
anaesthetized mice were challenged by exposure to an
ultrasonically nebulized aerosol containing 1% (w/v) OVA
in PBS for 30 min. Twenty-four hours after the final chal-
lenge the mice were killed, and airway inflammation was
characterized by histological examination. For the TSLPR
blocking experiment, anaesthetized mice received an int-
ratracheal (i.t.) injection of 20 pug of TSLPR-Ig or control
IgG (AB-108-C; R&D Systems) 30 min before each OVA
sensitization. The dose of TSLPR-Ig was predetermined by
staining analysis of airway inflammation in mice receiving
10-40 pg TSLPR-Ig.

Establishment of the expression construct for soluble
murine TSLPR (TSLPR-Ig)

The extracellular domain of murine TSLPR (mTSLPR) was
amplified from a mouse thymus ¢cDNA library using the
primers 5-CGG AAT TCA GTG CTG AGA TGG CAT
GGG-3" and 5-GAA GAT CTA GGG GCG GGG CCA GGG
CCG-3’, and then subcloned into the region upstream of
a murine IgG2a Fc tail using the EcoR I/Bgl 1l cutting
sites within the pcDNA-Ig vector established within our
laboratory by cloning the murine I1gG2a Fc tail into the
pcDNA3 vector. The recombinant plasmid, pTSLPR-Ig, was
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confirmed by restriction enzyme digestion and DNA seq-
uencing (Shenggong Co., Shanghai, China).

Expression and purification of recombinant soluble
TSLPR-Ig

COS-7 cells were seeded in 100 mm culture flasks (2 x 10°
cells/flask) in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal calf serum (FCS)
(GiBco, Grand Island, NY, USA) and 1% penicillin/
streptomycin. The expression plasmid, pTSLPR-Ig, was
transfected into COS-7 cells using Lipofectamine™ 2000
(Invitrogen, Carlsbad, CA, USA), according to the manufac-
turer’s instructions. After 72 h, the supernatant was collected
and ectopic soluble TSLPR-Ig expression in the confirmed by
Western blotting using anti-mIgG antibodies (Zhongshan
Co., Beijing, China) and enhanced chemiluminescence
(ECL) (Pierce, Rockford, IL, USA). After the first round of
culture and supernatant collection, the transfected cells were
supplemented with fresh serum-free medium (Thermo Sci-
entific, Rockford, IL, USA) for one more round of superna-
tant collection. Soluble TSLPR-Ig was purified from the
culture supernatants by standard protein A Sepharose affin-
ity chromatography (Amersham Biosciences, Piscataway,
NJ, USA) and visualized by sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE).

Analysis of co-stimulatory molecule expression on DCs
in vitro

Mouse bone marrow-derived DCs (BMDCs) were generated
as described previously [18]. After 8 days of culture
with 10 ng/ml granulocyte—-macrophage colony-stimulating
factor (GM-CSF) and 1 ng/ml IL-4, DCs were purified using
anti-CD11c-coated microbeads (Miltenyi-Biotec, Auburn,
CA, USA) and treated with medium, TSLP (100 ng/ml; R&D
Systems), TSLP (100 ng/ml) + control IgG (200 ng/ml,
AB-108-C; R&D Systems) or TSLP (100 ng/ml) + TSLPR-Ig
(200 ng/ml) for 24 h. The dose of TSLPR-Ig was predeter-
mined by flow cytometry analysis of co-stimulatory mol-
ecule expression by TSLP-DCs treated with 100-400 ng/ml
TSLPR-Ig. The following day, DCs were collected, washed
and stained with Allophycocyanin (APC)-CDl1lc (eBio-
science Inc., San Diego, CA, USA) and phycoerythrin (PE)-
CD40, CD80 or CD86 mAbs (eBioscience Inc.). At least
10 000 cells were analysed using a fluorescence activated cell
sorter (FACS) FACScan (Becton Dickinson, San Jose, CA,
USA) and CellQuest software (Becton Dickinson). DC
(CD11c") expression of the co-stimulatory molecules CD40,
CD80 and CD86 was detected by flow cytometry.

Cellular composition of the bronchoalveolar lavage
fluid (BALF)

To investigate cellular infiltration of the airways, mice were
killed 24 h after allergen challenge using an overdose of
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ketamine. The BALF was then collected from each animal via
cannulation of the exposed trachea and gentle flushing of the
lungs three times with 0-5 ml of PBS (total 1-5 ml). BALF
cells were coated onto glass slides using a Cytospin, fixed in
methanol, and stained with Diff/Quick using standard pro-
cedures (Merck, Darmstadt, Germany). Differential cell
counts were performed in duplicate on coded slides for 200
cells from each sample. BALF was stored at —70°C and then
used to determine the levels of IL-4, IL-5 and IFN-y using
specific enzyme-linked immunosorbent assays ( ELISAs)
according to the manufacturer’s instructions (ELISA Kkits;
eBioscience).

Histological analysis

Immediately after the collection of BALF the excised lungs
were inflated under constant pressure, fixed overnight with
neutral buffered 4% formalin and the lung tissues embedded
in paraffin. For histological examination, 4-mm slices of the
fixed, embedded tissues were cut on a Leica rotary micro-
tome (Leica Microsystems Nussloch GmbH, Nussloch,
Germany), placed onto glass slides, deparaffinized and
stained with haematoxylin 2, eosin-Y (Richard-Allan Scien-
tific, Kalamazoo, MI, USA). The bronchoalveolar changes
were observed under a light microscope.

Determination of OVA-specific IgE levels in serum

The concentration of OVA-specific IgE was determined
using ELISAs as follows: 96-well plates were coated overnight
with 100 pl of OVA (10 pg/ml in 0-1 mol/l carbonate buffer,
pH 9-6) at 4°C. The antigen-coated plates were then washed
five times with 0-5% Tween-20 in PBS (PBST). Mouse serum
was added to the antigen-coated wells and the plates were
incubated overnight at 4°C with a peroxidase-conjugated
anti-mouse IgE antibody (Biotechnology Associates, Bir-
mingham, AL, USA) followed by washing five times with
PBST. Finally, citric acid-phosphate buffer (pH 5-0) contain-
ing 0-5mg/ml of O-phenylenediamine (Sigma Chemical
Co.) was added to the wells. Colour was allowed to develop at
37°C and the reaction was stopped with 2-5 mol/l sulphuric
acid. Absorbance values were measured at 450 nm.

Evaluation of co-stimulatory molecule expression on
pulmonary DCs

Lungs were removed aseptically and cut into small
fragments. The pieces were digested enzymatically with col-
lagenase and DNase I, as described previously [19]. Briefly,
lung tissue was cut into small pieces of about 2—-3 mm in size
and washed extensively in RPMI-1640 culture medium. Each
tissue sample was incubated for 1 h in RPMI-1640 contain-
ing 0-1% collagenase (Type IV; Sigma) and 0-002% DNase
(Sigma). After incubation, the tissues were ground gently in
a tissue grinder and the cells were collected. The cells were
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washed three times and suspended in cold PBS. Suspended
cells (95% viable) were stained with APC-CD11c (eBio-
science Inc.) and PE-CD40, CD80 or CD86 mAbs (eBio-
science Inc.). At least 100 000 cells were analysed using a
FACScan (Becton Dickinson) and CellQuest software
(Becton Dickinson). The expression of CD40, CD80 and
CD86 on pulmonary DCs (CD11c") was detected by flow
cytometry.

Th2 priming induced by i.t. injection of bone
marrow-derived DCs (BMDCs)

BMDC:s (cultured for 8 days) were purified and pulsed (or
not) with OVA overnight. For the in vivo experiments, mice
were divided randomly into three groups (n = 6 per group)
as follows: (i) mice received an i.t. injection of PBS 30 min
before i.t. injection of 2 X 10° non-pulsed DCs (PBS/DCs);
(ii) mice received an i.t. injection of control IgG 30 min
before i.t. injection of 2 x 10° OVA-pulsed DCs (IgG/OVA-
DCs); and (iii) mice received an i.t. injection of TSLPR-Ig
30 min before it. injection of 2x10° OVA-pulsed DCs
(TSLPR-Ig/OVA-DCs). The blocking dose of TSLPR-Ig, or
control IgG, was 20 pg. On days 10—12, mice were challenged
with an OVA aerosol for 30 min once per day and killed 24 h
after the final challenge [20].

Statistical analysis

Experimental differences were tested for statistical signifi-
cance using analysis of variance (aNova) and Student’s
t-test. P-values of <0-05 or <0-01 was considered to be
significant.

Results

Expression and purification of mouse soluble TSLPR-Ig

The c¢cDNA encoding the extracellular domain of murine
TSLPR was obtained by polymerase chain reaction (PCR)
amplification of a mouse thymus ¢cDNA library, to yield a
723 base pairs (bp) DNA fragment. This fragment was
digested with EcoRI/BgIII and cloned into the pcDNA-Ig
vector. The soluble TSLPR-Ig expression construct (pTSLPR-
Ig) was then validated by sequencing. We first tested TSLPR-Ig
secretion into the culture medium of transfected COS-7 cells.

TSLPR-Ig prevents asthmatic inflammation
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Fig. 1. Expression and purification of the thymic stromal
lymphopoietin receptor-immunoglobulin (TSLPR-Ig) fusion protein.
(a) Western blot analysis of TSLPR-Ig in the culture medium of
transfected COS-7 cells. Lane 1: pTSLPR-Ig transfected COS-7 cells;
lane 2: pcDNA-Ig transfected COS-7 cells. M: protein markers. The
membrane was then probed with an anti-murine IgG antibody.

(b) Sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) analysis of purified TSLPR-Ig by Coomassie Blue
staining. Soluble TSLPR-Ig was purified from the culture supernatants
by protein A Sepharose CL-4B affinity chromatography. Lane 1: total
proteins in the culture supernatants from transfected COS-7 cells;
lane 2: the purified TSLPR-Ig. M: protein marker.

Western blot analysis of culture medium from pTSLPR-Ig-
transfected cells identified a 51-1 kD protein, which is in
agreement with the combined molecular weight of the extra-
cellular domain of murine TSLPR and the murine IgG2a Fc
(Fig. 1a). In contrast, Western blotting failed to detect any
product in cells transfected with pcDNA-Ig. We then purified
TSLPR-Ig from the culture medium using protein A
Sepharose CL-4B affinity chromatography, and the purified
TSLPR-Ig resolved as a unique band with a molecular weight
of 51-1 kD on SDS-PAGE gels after Coomassie Blue staining
(Fig. 1b).

TSLPR-Ig inhibits co-stimulatory molecule expression
by TSLP-DCs

To examine whether TSLPR-Ig influences co-stimulatory
molecule expression by TSLP-DCs in vitro, 8-day cultured
DCs were enriched and treated with medium, TSLP,
TSLP + TSLPR-Ig or TSLP + control IgG for 24 h. The
expression of co-stimulatory molecules by DCs was
assessed using flow cytometry. Table 1 shows that DCs cul-
tured with TSLP for 24 h in the presence and absence of

Table 1. Thymic stromal lymphopoietin receptor-immunoglobulin (TSLPR-Ig) suppresses co-stimulatory molecule expression (%) by TSLP-dendritic

cells (DCs).

Groups CD40 CD80 CD86
Medium 4-46 = 1-22 10-42 = 1-53 4-89 * 1-74
TSLP 20-47 £ 2:23%%* 22-05 £ 3-410%* 21-16 £ 3-28%**
TSLP + TSLPR-Ig 515 * 145 11-57 £ 1.78 549 * 1-85
TSLP + control IgG 21-64 £ 3-56%** 21-51 £ 3:.42%0%* 22:66 £ 3:94%%%

*P < 0-01 compared with the TSLP + TSLPR-Ig group. **P < 0-01 compared with the medium group.

© 2011 The Authors
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Fig. 2. Thymic stromal lymphopoietin receptor-immunoglobulin (TSLPR-Ig) pretreatment suppressed allergic responses. Ovalbumin
(OVA)-sensitized and -challenged mice received an intratracheal (i.t.) injection of TSLPR-Ig or control IgG 30 min before each OVA sensitization.
(a) Total and differential cells counts and (b) cytokine profiles in the bronchoalveolar lavage fluid (BALF) were analysed 24 h after final OVA
exposure. Data represent mean values * standard error of the mean from six mice per group. *P < 0-05 compared with the phosphate-buffered
saline (PBS)/OVA group. **P < 0-01 compared with the PBS/OVA group. #P < 0-05 compared with the OVA/TSLPR-Ig/OVA group. ##P < 0-01

compared with the OVA/TSLPR-Ig/OVA group.

control IgG up-regulated CD40, CD80 and CD86 expres-
sion to a larger extent than DCs cultured in medium
alone (P <0-01). TSLPR-Ig effectively inhibited the TSLP-
induced increase in CD40, CD80 and CD86 expression
(P < 0-01 versus TSLP group or TSLP + control IgG group).
These results indicate that TSLPR-Ig interferes with
co-stimulatory molecule expression by TSLP-treated DCs
in vitro.

TSLPR-Ig decreases the number of inflammatory cells
in the BALF and reduces tissue pathology

Increasing evidence shows that TSLP expression is associ-
ated closely with asthmatic inflammation in mice. There-
fore, we investigated whether blockade of TSLP signalling
decreased the levels of Th2 cytokine production and eosi-
nophilic inflammation. To evaluate the effects of TSLP
blocking on allergen-primed airway inflammation, we
administered the TSLPR-Ig fusion protein (or control 1gG)
locally before OVA sensitization. As expected, OVA inhala-
tion by OVA-sensitized mice increased the total cell number
significantly, and that of eosinophils and lymphocytes in
the BALF compared with that in PBS-sensitized mice
(P <0-05 or <0-01). However, administration of TSLPR-Ig
before OVA sensitization resulted in a decrease in the total
number of BALF cells, eosinophils and lymphocytes com-
pared with that in IgG-treated mice (P <0-05 or<0-01,
Fig. 2a). Furthermore, local blockade of TSLP signalling by
TSLPR-Ig led to a marked reduction in IL-4 and IL-5 levels
(P < 0-01 versus OVA/OVA group or OVA/IgG/OVA group),
but an increase in the level of the Thl-associated cytokine,
IFN-y (P < 0-05 versus OVA/OVA group or OVA/IgG/OVA
group, Fig. 2b).
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We also compared changes in lung pathology in the dif-
ferent groups of mice. As shown in Fig. 3, OVA-challenged
mice showed inflammatory cell infiltration of the peribron-
chiolar and perivascular connective tissues, together with
the hypersecretion of mucus by epithelial cells. In contrast,
TSLPR-Ig administration markedly inhibited both OVA-
induced, eosinophil-rich leucocyte infiltration and mucus
hypersecretion into the airways. All the results indicated
that local blockade of TSLP signalling with TSLPR-Ig prior
to sensitization reduced significantly the level of inflamma-
tory cell infiltration and the severity of allergic airway
responses.

Inhibition of allergen-specific IgE synthesis by
TSLPR-Ig

To assess the potential utility of TSLPR-Ig administration in
modulating the immune response, we measured changes in
serum IgE antibodies by ELISA. OVA-specific IgE levels 24 h
after the final allergen challenge are shown in Fig. 4. The
levels of OVA-specific IgE were increased markedly in OVA-
sensitized and -challenged mice (P < 0-01 versus PBS/OVA
group), while mice pretreated with TSLPR-Ig had signifi-
cantly lower levels of OVA-specific IgE compared with
mice pretreated with IgG (P <0-01). This suggested that
TSLPR-Ig administration was more effective in suppressing
IgE responses.

TSLPR-Ig affects the expression of co-stimulatory
molecules by pulmonary DCs

As pulmonary DCs play a central role in initiating allergen-
specific Th2 cell differentiation and sensitization, and TSLP is

© 2011 The Authors
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Fig. 3. Thymic stromal lymphopoietin
receptor-immunoglobulin (TSLPR-Ig)
pretreatment inhibited lung inflammation.
Ovalbumin (OVA)-sensitized and -challenged
mice received an intratracheal (i.t.) injection of
TSLPR-Ig or control IgG 30 min before each
OVA sensitization, and histological examination
of the lung tissues (haematoxylin and eosin,
%200 original) was performed 24 h after the
final OVA exposure. (a) Phosphate-buffered
saline (PBS)/OVA group. (b) OVA/OVA group.
(c) OVA/IgG/OVA group. (d) ¢
OVA/TSLPR-Ig/OVA group. L

thought to be a powerful activator of DCs, we hypothesized
that the anti-asthmatic effects of TSLPR-Ig might be related
to functional changes in pulmonary DCs. Therefore, we
investigated the expression of co-stimulatory molecules,
which are a prerequisite for DC-induced Th2 cell differentia-
tion. As shown in Fig. 5, there was a marked reduction in
CD40, CD80 or CD86 expression by pulmonary DCs in the
TSLPR-Ig-treated group compared with the IgG-treated
group (P < 0-05 or < 0-01), suggesting that TSLPR-Ig treat-
ment before sensitization inhibited the maturation of pul-
monary DCs substantially.
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Fig. 4. Thymic stromal lymphopoietin receptor-immunoglobulin
(TSLPR-Ig) pretreatment suppressed ovalbumin (OVA)-specific IgE
synthesis. Serum levels of OVA-specific IgE in mice from the
phosphate-buffered saline (PBS)/OVA group (a), the OVA/OVA group
(b), the OVA/IgG/OVA group (c) and the OVA/TSLPR-Ig/OVA group
(d), were assessed by enzyme-linked immunosorbent assay. **P < 0-01
compared with group (a). #4P < 0-01 compared with group (d).
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TSLPR-Ig abrogates the ability of mDCs to induce Th2
development in vivo

To clarify the impact of TSLPR-Ig on the potential of DCs
to promote Th2 skewing in vivo, we transferred OVA-
pulsed DCs (OVA-DCs) adoptively into mice airways fol-
lowing intratracheal administration of control IgG or
TSLPR-Ig. As expected, mice given control IgG and OVA-
DCs showed marked asthmatic inflammation characterized
by the infiltration of lymphocytes and eosinophils into the
BALF compared with mice given PBS and non-pulsed DCs
(P<0-05 or <0-01). However, TSLPR-Ig pretreatment
before transferring OVA-DCs reduced significantly the
number of total cells, macrophages and eosinophils in the
BALF (P<0:05 or <0-01 versus IgG/OVA-DCs group
Fig. 6a), ameliorated the disequilibrium of Th1/Th2 asso-
ciated cytokines, as shown by the decreased IL-4 and IL-5
levels (P <0-01 versus IgG/OVA-DCs group) and main-
tained the high levels of IFN-y in the BALF (P> 0-05 versus
IgG/OVA-DCs group, Fig. 6b). The above data confirmed
that TSLPR-Ig pretreatment inhibited the capability of
OVA-DC:s to induce Th2 skewing in asthmatic mice.

Discussion

The mechanisms involved in the pathological changes seen in
asthma are complicated, with various inflammatory cells,
including eosinophils, macrophages, mast cells, neutrophils
and Th2 cells, contributing to the pathogenesis. Also, emerg-
ing data have suggested that other T cell subsets, including
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Th1 cells, Th9 cells, Th17 cells, NK T cells, regulatory T cells
(Tregs), CD8" T cells and y0 T cells play a potential role in
regulating the asthmatic response [21-27]. However, pulmo-
nary DCs are involved in both innate and adaptive immune
responses, and play a role as upstream initiators of the allergic
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Fig. 5. Thymic stromal lymphopoietin receptor-immunoglobulin
(TSLPR-Ig) pretreatment inhibited co-stimulatory molecule
expression by pulmonary dendritic cells (DCs). Ovalbumin
(OVA)-sensitized and challenged mice received an intratracheal (i.t.)
injection of TSLPR-Ig or control IgG 30 min before each OVA
sensitization, and the expression of CD40, CD80 and CD86 on
pulmonary DCs was analysed by flow cytometry. Data represent mean
values * standard error of the mean from six mice per group.

*P < 0-05 compared with the phosphate-buffered saline (PBS)/OVA
group. **P < 0-01 compared with the PBS/OVA group. #P < 0-05
compared with the OVA/TSLPR-Ig/OVA group. ##P < 0-01 compared
with the OVA/TSLPR-Ig/OVA group.
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inflammatory response. Therefore, they are the focus of
investigations into the pathogenesis of asthma and are poten-
tial therapeutic targets. Many experiments indicate that
inhaled external agents, such as diesel exhaust particles,
induce a skewed Th2 response by facilitating the maturation
and migration of airway DCs to the local lymph nodes and the
production of Th2-type proinflammatory cytokines and
Th2-attracting chemokines [28]. Also endogenous factors,
such as extracellular ATP, induce Th2 responses by recruiting
and activating DCs [29]. Of these factors, TSLP is thought to
play a critical role in the pathophysiology of asthma.

TSLP is an interleukin (IL)-7-like cytokine produced by
epithelial cells following allergen contact, which activates
dendritic cells. These TSLP-DCs exert a profound influence
on CD4" T cells to produce a Th2 cytokine profile and initiate
the allergic cascade. Accumulating evidence shows that TSLP
is expressed highly by keratinocytes in the skin lesions seen in
atopic dermatitis and by bronchial epithelial cells in asthma
[30,31]. Also, recent evidence shows that TSLP aggravates
allergic inflammation during the effector stages, and the
synergy between TSLP, IL-1 and tumour necrosis factor
(TNF)-a enhancing the production of Th2 cytokines by mast
cells [32]. These findings suggest that TSLP represents a
master switch for allergic inflammation at the epithelial cell/
dendritic cell interface and could be a therapeutic target in
allergic inflammation. In this study, we examined the effect of
blocking TSLP signalling in DCs in vitro using TSLPR-Ig, and
evaluated the effect of TSLPR-Ig on co-stimulatory molecule
expression by TSLP-DCs. We found that TSLPR-Ig reduced
significantly the expression of CD40, CD80 and CD86 by
TSLP-DCs. We also evaluated the effect of TSLPR-Ig on
airway inflammation in an asthmatic mouse model. The
results showed that TSLPR-Ig pretreated mice had low levels
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Fig. 6. Thymic stromal lymphopoietin receptor-immunoglobulin (TSLPR-Ig) pretreatment impaired the ability of dendritic cells (DCs) to prime T
helper type 2 (Th2) responses in vivo. Mice received an intratracheal (i.t.) injection of phosphate-buffered saline (PBS), control IgG or TSLPR-Ig
30 min before i.t. injection of 2 x 10° non-pulsed DCs, or OVA-pulsed DCs (OVA-DCs). They were then exposed to OVA aerosols on days 10-12.
(a) Total and differential cells counts and (b) cytokine profiles in the bronchoalveolar lavage fluid (BALF) were assessed 24 h after the final OVA
exposure. Data are expressed as mean * standard error of the mean. *P <0-05 compared with the IgG/OVA-DCs group. **P <0-01 compared with

the IgG/OVA-DCs group.
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of OVA-specific IgE in the serum, little infiltration of the
BALF by eosinophils and lymphocytes and decreased produc-
tion of Th2 cytokines. This finding confirmed the critical role
played by TSLP/TSLPR signalling in Th2 skewing duringlocal
airway inflammation without the need for #slp or tslpr knock-
outmice,and suggested a therapeutic effect of blocking TSLP/
TSLPR signalling in allergic airway inflammation. To explore
further the mechanisms underlying the anti-asthmatic effects
of TSLPR-Ig we focused on pulmonary DCs, which play a
major role in the pathogenesis of asthma, and also express
TSLPR preferentially [32]. As the level of maturation is the
hallmark of DC activity, and is critical for priming naive T cell
responses, we assessed the maturation status of pulmonary
DCs upon encountering a soluble allergen. The results
showed that pulmonary DCs from mice injected with
TSLPR-Ig showed reduced expression of CD40, CD80 and
CD86 compared with DCs treated with control IgG.

Furthermore, our study demonstrated that TSLPR-Ig inh-
ibited the asthmatic response in the airways of mice, at least in
part, by regulating DC function. As TSLPR is expressed on
DCs, CD4* T cells and mast cells [33], TSLPR-Ig may also have
direct inhibitory effects on other effector cells during allergic
inflammation. To prove that TSLPR-Ig inhibits Th2 polariza-
tion predominantly by blocking TSLPR on DCs, we investi-
gated the effects of TSLPR-Ig treatment prior to adoptive
transfer of OVA-pulsed DCs on airway inflammation in naive
mice. Consistent with previous reports, OVA-DCs in the
airways induced a strong Th2 skewing response characterized
by eosinophilic inflammation of the airways and the massive
release of Th2 cytokines such as IL-4 and IL-5. However,
pretreatment with TSLPR-Ig reduced significantly the degree
of eosinophil and macrophage infiltration, as well as the
release of Th2-type cytokines. These results strongly support
the important role of TSLP/TSLPR signalling in DC-primed
allergic disease, and demonstrate the potential of TSLPR-Ig
for controlling airway inflammation in asthmatic mice
mainly by blocking TSLP/TSLPR signalling in DCs.

In conclusion, local administration of TSLPR-Ig into
mouse airways before sensitization resulted in inhibition of
the Th2-mediated features of asthma via regulation of pul-
monary DC function. These results increase our understand-
ing of the biological function of TSLP/TSLPR signalling and
support the important role of TSLP as an initiator and acti-
vator of Th2 skewing in atopic diseases. It will be interesting to
determine whether the administration of TSLPR-Ig at the
allergen-challenge phase has the same therapeutic effects.
These findings highlight the pathological significance of
TSLP in asthma and open up the possibility of TSLP-
orientated therapies.
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