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Summary

Background We have recently reported that soluble ST2 protein levels are elevated in the sera of
patients with asthma, and correlate well with the severity of asthma exacerbation. However, the role,
function, and kinetics of soluble ST2 expression in asthma remain unclear.

Objective The objective of the present study was to clarify the function and kinetics of soluble
murine (m) ST2 expression in a murine asthma model.

Methods We analyzed the kinetics of gene and protein expression of mST2 in sera or lung tissue
after allergen (ovalbumin; OVA) challenge in a murine model of allergic airway inflammation, the
effects of mST2 protein on OVA-induced Th2 cytokine production in vitro from splenocytes of
sensitized mice, and the effects of soluble mST2 on Th2-dependent allergic airway inflammation by
in vivo gene transfer of mST2.

Results  Serum mST2 protein levels increased to the maximal level 3 h after the allergen challenge,
before serum IL-5 levels peaked. The mRNA expression of mST?2 in lung tissue was induced after the
allergen challenge, while that in the spleen was constitutively detected. Furthermore, pre-treatment
with mST2 protein significantly inhibited the production of IL-4 and IL-5, but not IFN-y, from
OVA-stimulated splenocytes in vitro, and intravenous mST2 gene transfer resulted in a drastic
reduction in the number of eosinophils and in the levels of IL-4 and IL-5 in bronchoalveolar lavage
fluid, compared with those in response to transfer of non-coding plasmid vector or of lipid alone.
Conclusion These results suggest that increases in endogenous mST2 protein after allergen expos-
ure may modulate Th2-mediated airway inflammation, and that in vivo gene transfer of mST2 can be
applicable to use in a novel immunotherapy for allergic diseases.
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Introduction

Chronic airway inflammation is thought to play a fundamental
role in the pathogenesis of asthma. The inflammatory response
in asthma involves an increase in the number of eosinophils,
basophils, mast cells and, most importantly, type-2 helper T-
lymphocytes (Th2) [1, 2]. The importance of Th2 cytokines such
as IL-4, IL-5, and IL-13 has been reported in studies demon-
strating that either disruption of the genes encoding these pro-
teins or their antibody-mediated neutralization prevents
eosinophilia and attenuates various pathological changes —
such as airway hyper-reactivity — associated with experimental
asthma [3-6]. Therefore, inappropriate adaptive Th2-polarized
immune responses to environmental antigens play a critical role
in the development of asthma [7].

The ST2 gene was originally found to be one of the primary
response genes in the G0/G1 transitional state of BALB/c-3T3
cells [8], and an Ha-ras oncogene-responsive gene [9,10].
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Alternative 3’ processing of the primary transcript generates
two messengers of 2.7 and 5 kb long. The short mRNA encodes
a 38.5-kDa peptide with similarity to the extracellular portion
of the IL-1 receptor (IL-1R) [8], and is secreted from the cell as a
glycosylated protein of 60kDa. This soluble secreted form
(ST2) is expressed in embryonic tissues and mammary tumors,
and is induced in fibroblast in response to proliferation-
inducing stimuli [8-10]. On the other hand, the long mRNA
encodes a membrane-bound protein whose extracellular domain
is almost identical to the ST2 protein, and which shows a signifi-
cant homology to the type I IL-1R [11]. This transmembrane
receptor form (ST2L) is expressed in the hematopoietic tissues
and the lung [12]. The ST2 gene is tightly linked to the genes
encoding the type I and type II IL-1R on mouse chromosome
1 [13] and human chromosome 2 [14], and these two distinct
form of ST2 gene products, ST2 and ST2L, belong to the IL-1R
family.

Recently, the ST2/ST2L genes have recently been demon-
strated to be preferentially expressed on murine Th2 cells, and
to likely play an essential role in Th2 effector functions [15, 16].
Invivo depletion of ST2L by treatment with anti-ST2L antibody
abrogated both the accumulation of eosinophils in the airway
and the secretion of Th2 cytokines in a murine model of
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Th2-dependent allergic airway inflammation [17,18]. These
findings were further supported by the results of a study using
ST2L-deficient mice in a pulmonary granuloma model induced
by Schistosoma mansoni eggs [19]. This study showed that Th2
cytokine production is impaired after immunization in the ab-
sence of ST2L expression. In contrast, other investigations
showed no difference in Th2 response in wild-type versus
ST2L-deficient mice after parasitic infection with the helminth
Nippostrongylus braziliensis or after allergen-induced airway
inflammation [20]. There are no obvious explanations for these
discrepancies; however, as such discrepancies may be attributed
to differences in experimental design, including antigen chal-
lenge, route of administration, and antigen-specific restimula-
tion, the possibility that ST2L plays an important role in the
development and function of Th2 cells cannot be excluded.

More recently, we have reported that soluble ST2 protein
levels are elevated in the sera of patients with asthma, and
correlate well with the severity of asthma exacerbation
[21,22]. However, the role, function, and kinetics of soluble
ST2 expression in asthma have not been fully elucidated. In
the present study, to address this issues, we analyzed the kinetics
of the gene and protein expression of murine (m)ST?2 in sera or
lung tissue after allergen challenge in a murine model of asthma,
and the effects of soluble mST2 on Th2-dependent allergic
airway inflammation by in vivo gene transfer of mST2.

Materials and methods

Animals

Female BALB/c mice, 6-8 weeks of age, were purchased from
Japan SLC, Inc. (Tochigi, Japan), housed in an animal facility
of the Jichi Medical School under isothermal conditions, and
allowed access to food and water ad libitum.

Plasmids construction and preparation of lipid-plasmid
DNA complexes

The mST2 expression plasmid, pEF-BOS-mST2, was con-
structed in a backbone plasmid vector, pEF-BOS [23]. The
mST2 cDNA was subcloned into the Xbal site of the pEF-
BOS plasmid by using an Xbal linker [24].

Cationic lipid-DNA complexes were prepared using LIPO-
FECTAMINE PLUS Reagent according to the manufacturer’s
protocol (Life Technologies, Inc., Rockville, MD, USA).
Briefly, plasmid DNA (1 pg/mL) in sterile phosphate-buffered
saline (PBS) and PLUS Reagent were mixed and left at room
temperature (20 °C) for 15min. The LIPOFECTAMINE Re-
agent was then added to the pre-complexed DNA, and the
mixture was incubated at room temperature for 15 min. Finally,
sterile PBS was added to cationic lipid—-DNA complexes to a
volume of 200 pL/injection.

Active immunization and exposure (murine asthma model)

All animals were actively immunized intraperitoneally with
100 pg of ovalbumin (OVA) and 20 mg Al(OH); in saline on
days 0 and 7. On day 14, animals were challenged twice with
aerosolized OVA. The aerosol was generated from a 1% OVA
solution for 30 min with an ultrasonic nebulizer (Omron Corp.,
Tokyo, Japan).
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In vivo gene transfer into the murine asthma model

Twenty-four hours before allergen sensitization (days —1 and 6)
and challenge (day 13), each mouse was injected in the
lateral tail vein with 200 pL of cationic lipid-DNA complex
solution containing either 10 pg of murine ST2 cDNA (pEF-
BOS-mST2) or non-coding DNA (pEF-BOS), or the diluent
(lipid alone). We detected substantial levels of mST2 mRNA
expression in the lung 24 h after intravenous transfer of the
mST?2 gene (data not shown). The serum levels of mST2 protein
24 and 96 h after transfer of mST2 gene (pEF-BOS-mST?2) into
the test mice are 44.2 + 12.8ng/mL and 4.4 + 3.5ng/mL,
respectively.

Collection of serum and bronchoalveolar lavage fluid

Mice were anesthetized by intraperitoneal administration of
0.2mL of 10% pentobarbital sodium solution (Nembutal; Ab-
bott Laboratories, North Chicago, IL, USA) at various time
points throughout the active immunization protocol. Blood was
collected by retro-orbital bleeding, and serum was frozen at
—80°C until assay. Bronchoalveolar lavage (BAL) was per-
formed according to a standard protocol [17]. Briefly, the
trachea was cannulated with a polyethylene tube, and the
lungs were lavaged four times with 0.7 mL of PBS. Total cell
counts were determined from BAL fluid (BALF) using a hemo-
cytometer. After centrifugation, supernatants were collected
and stored at —80°C until assay. Cytospins were prepared
and stained with Diff-Quik (Baxter, Deerfield, IL, USA). Two
hundred cells were counted differentially using standard
morphological criteria.

Measurement of murine ST2 protein and cytokines

The levels of soluble mST2 protein in serum or supernatant
produced from splenocytes (stimulated in vitro for 24 h with
100 pg/mL OVA) of sensitized mice were measured by a sand-
wich enzyme-linked immunosorbent assay (ELISA) that we
originally developed. Briefly, 35 uL of various concentrations
of the standard mST2 in PBS plus 0.1% (w/v) bovine serum
albumin (BSA) and the samples were added to each well of a 96-
well plate, which was pre-coated with rat monoclonal antibody
against mouse T1/ST2 protein (MD Biosciences, Ziirich,
Switzerland), and the plate was incubated for 1h at room
temperature. After washing, 100puL of antimST2 rabbit
polyclonal antibody in PBS plus 0.1% BSA was added to the
plate, and the plate was kept at room temperature for 1 h. The
plate was washed an additional four times, and horseradish
peroxidase-labeled antibody against rabbit IgG in PBS plus
0.1% BSA was then added and incubated for 30 min. Finally,
the plate was washed and incubated with 140 uL. of 10 mm
o-phenylenediamine (OPD)—0.01% H,0, in 100 mM sodium
acetate buffer (pH 5.0) for 20 min. The optical density was
measured at 450 nm with a microplate reader (Inter Medical,
Tokyo, Japan).

The concentrations of IL-4, IL-5, and IFN-y in serum,
BALF, or supernatant produced from splenocytes (stimulated
in vitro for 24h with 100 pg/mL OVA) of sensitized mice
were measured by a sandwich ELISA kit (IL-4 and IFN-y:
Biosource International Inc., Camarillo, CA, USA; IL-5:
R & D Systems, Abingdon, UK). All samples were assayed in
duplicate.
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Analysis of mST2 and cytokine mRNA expression by
RT-PCR

The lung and spleen were excised from mice at various time
points in the active immunization protocol. Total RNA was
extracted from whole lung tissue and spleen using Trizol reagent
(Life Technologies). One microgram of total RNA was digested
by DNase I (Life Technologies). Five hundred nanograms of
RNA were reverse-transcribed and amplified by RT-PCR using
an RT-PCR kit (Takara, Tsukuba, Japan) under the following
conditions: 94 °C, 1 min; 57 °C, 1 min; and 72 °C, 1.5 min for 34
cycles. The following sequences were used as primers: mST2:
(sense) S-ACTTCTTGGCTGATGTCCTG-3' and (antisense)
5-CAATGTGTGAGGGACACTCC-3'; IL-4: (sense) 5'-CAT
CCTGCTCTTCTTTCTCG-3' and (antisense) S'-GATGCTCT
TTAGGCTTTCCAG-3'; IL-5: (sense) S~ ACAAGCAATGA
GACGATGAGG-3" and (antisense) 5-GCCTTCCATTGCC
CACTCT-3; B-actin: (sense) 5-TGTCCCTGTATGCCTC
TGGT-3' and (antisense) 5S-ACTGTGTTGGCATAGAG
GTC-3'. The PCR products of mST2, IL-4, IL-5, and B-actin
were fragments of 266,378,272, and 477 bp in length, respect-
ively. The amplified products were electrophoresed on 2.5%
agarose gel, and the intensity of DNA bands was quantified by
densitometry (National Institutes of Health, IMAGE 1.61).

Statistical analysis

Data are expressed as the means + SEM. Multiple comparisons
of cell counts and cytokine levels in BALF among all groups
were performed by one-way factorial analysis of variance
(aNova), followed by post-hoc tests. Levels of P less than 0.05
were considered to indicate statistical significance.

Results

Kinetics of mST2 and cytokine protein expression in sera

We first investigated the time course of mST2 protein and
cytokine levels in an OVA-sensitized and-challenged mouse
model (Fig. 1). Serum mST2 rapidly increased to the maximal
level 3 h after the last allergen challenge, followed by a decrease,
and then a slight increase at 36 h post-challenge. Thus the first
peak in serum mST?2 levels occurred earlier than the peak in
serum IL-5 levels (3 h and 24 h, respectively, after the last aller-
gen challenge; Fig. 1). Serum IL-4 levels were consistently too
low for observation of their kinetics.

Kinetics of mST2 or cytokine mRNA expression in the lung
and spleen

We next analyzed the kinetics of mST2 or cytokine mRNA
expression in lung and spleen tissue after allergen exposure by
RT-PCR. In the lungs, mST2 mRNA expression could not be
detected before allergen challenge (0h), but appeared after
allergen challenge and peaked at 6h post-challenge (Fig. 2a).
Expression of the mRNAs of IL-4 and IL-5 could be detected
from 3 h post-challenge, and thus preceded the mST2 mRNA
expression (Fig. 2a). In contrast, mST2 mRNA expression
in the spleen was constitutively detected, was enhanced after
allergen challenge, and reached a peak at 6h post-challenge
(Fig. 2b). These results suggest that the mST2 protein may
be expressed in splenocytes before allergen challenge. These
results, together with those regarding the kinetics of the serum
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Fig. 1. Kinetics of ST2, IL-4, or IL-5 protein levels in the sera after OVA
challenge. BALB/c mice were sensitized with OVA intraperitoneally and
challenged with aerosolized OVA. Blood was taken at the indicated time
before and after OVA challenge as described in Materials and methods.
The concentrations of ST2, IL-4, and IL-5 in the sera were measured by
ELISA. Mean concentrations + SEM are shown for cumulative data from
two independent experiments (3—4 mice per experiment).

mST2 protein (Fig. 1), led us to hypothesize that the
serum mST2 protein, which reached its maximal level at 3h
post-challenge, may be derived from splenocytes. To test this
hypothesis, splenocytes from naive or sensitized mice were
stimulated in vitro for 24h with 100 pg/mL OVA, and mST2
protein levels in the supernatants were measured by ELISA.
However, we could not detect mST2 production in the culture
supernatant of OVA-stimulated splenocytes from sensitized
mice.

Effects of mST2 protein on OVA-stimulated splenocytes
from sensitized mice

Next, to elucidate the function of ST2 in a murine asthma
model, we investigated the effects of mST2 protein on OVA-
induced Th2 cytokine production from splenocytes of sensitized
mice in vitro. Splenocytes from OVA-sensitized mice were pre-
treated with recombinant mST2 protein or medium alone, and
then were unstimulated or stimulated with OVA (100 pg/mL)
in vitro for 24h. Cytokine concentrations in culture super-
natants were measured by ELISA. Treatment with mST2
protein significantly inhibited IL-4 and IL-5 production by
OVA-stimulated splenocytes (Figs 3a and b). In contrast,
IFN-y production from OVA-stimulated splenocytes was in-
duced by pre-treatment with mST2 protein, but P-values do not
indicate a statistical difference between mST2(-)/OVA(+) and
mST2(+)/OVA(+) groups (P =0.067, Fig. 3c).
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Fig. 2. Kinetics of ST2, IL-4, or IL-5 mRNA expression in the lung (a) and
the spleen (b) after OVA challenge. BALB/c mice were OVA-sensitized
and-challenged, and total RNA was extracted from the lung and spleen
tissue at the indicated time before and after OVA challenge as described
in Materials and methods. The cDNA samples obtained by RT-PCR for
ST2, IL-4, IL-5, and B-actin were loaded on a 2.5% agarose gel. The
data shown are representative of three independent experiments.
Densitometric analyses of ST2 mRNA expression in the lung (a) and the
spleen (b) tissues were carried out. The relative level designates the
ratio obtained from the density of the band of ST2 mMRNA expression
standardized with that of the f-actin mRNA expression level. The mean
relative densities + SEM are shown for the cumulative data of three
independent experiments (two mice per experiment).
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Effects of in vivo gene transfer of mST2 on allergic airway
inflammation

The observation that mST2 protein can inhibit OVA-induced
Th2 cytokine production in vitro raised the possibility that
overexpression of mST2 may also suppress Th2-mediated
inflammation in vivo. To test this hypothesis, we analyzed the
role and function of mST2 by evaluating the effects of soluble
mST2 on allergen-induced airway inflammation by in vivo
transfection with the mST2 gene. The intravenous mST2 gene
(pEF-BOS-mST2) transfer significantly reduced total cell
counts in BALF compared with transfer of lipid alone (control),
and resulted in drastic reductions in the number of eosinophils
in BALF compared with transfer of pEF-BOS or lipid alone
(Fig. 4). Transfer of the non-coding plasmid vector (pEF-BOS)
alone, however, marginally inhibited BALF eosinophilia in
comparison with lipid alone. Regarding the number of
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Fig. 4. Effects of intravenous mST2 gene delivery on total and differential
cell numbers in BALF. BALB/c mice were injected intravenously with
cationic lipid-DNA complexes containing either 10 ug of mST2 cDNA
(PEF-BOS-mST2) or an equivalent amount of non-coding DNA (pEF-BOS),
or with diluent (lipid alone: control) on days —1,6, and 13 in a murine
asthma model as described in Materials and methods. Twenty-four
hours after the last allergen challenge, BALF was collected and cell
differentiation was determined. The mean number of cells + SEM are
shown for each group. *P < 0.05 versus control; TP < 0.05 versus control;
P < 0.001 versus control; §P < 0.05 versus pEF-BOS. The mean number
of cells + SEM are shown for the cumulative data from two independent
experiments (810 mice per group). Eo, eosinophil; M¢p, macrophage;
Lym, lymphocyte; Neu, neutrophil.
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Fig. 3. Effects of mST2 protein on allergen-induced production of IL-4 (a), IL-5 (b), and IFN-y (c) from splenocytes of sensitized mice. Splenocytes
obtained from OVA-sensitized mice were pre-treated for 3 h with recombinant mST2 protein (500 ng/mL) or medium alone, and were then unstimulated or
stimulated with OVA (100 ung/mL) invitro for 24 h. Culture supernatants were harvested, and concentrations of cytokines were measured by ELISA. (a)
*P < 0.0001 versus either treatment group of mST2(-)/OVA(-) or mST2(+)/OVA(-); P < 0.001 versus group of mST2 (+)/OVA(+). (b) *P < 0.0001 versus
either treatment group of mST2(-)/OVA(-) or mST2(+)/OVA(-); TP < 0.001 versus group of mST2(+)/OVA(+). (c) There were no significant differences
among treatment groups. The mean cytokine concentrations + SEM are shown for the cumulative data from two independent experiments.
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Fig. 5. Effects of intravenous mST2 gene delivery on concentrations of IL-4 (a), IL-5 (b), and IFN-vy (c) in BALF. BALB/c mice were injected intravenously
with cationic lipid-DNA complexes containing either 10 ng of mST2 cDNA (pEF-BOS-mST2) or an equivalentamount of noncoding DNA (pEF-BOS), or with
diluent (lipid alone: control) on days —1, 6, and 13 in a murine asthma model as described in Materials and methods. Twenty-four hours after the last
allergen challenge, BALF was collected, and the concentrations of IL-4 (a), IL-5 (b), and IFN-y (c) in BALF were determined by ELISA. The mean cytokine
concentrations + SEM are shown for the cumulative data from two independent experiments (8-10 mice per group). (a) *P < 0.01 versus control.

(b) TP < 0.005 versus control; P < 0.05 versus pEF-BOS. (c) P < 0.05 vs. control.

macrophages, lymphocytes, and neutrophils in BALF, no dif-
ference was found among all transfer groups. Furthermore,
mST?2 gene transfer markedly inhibited IL-4 and IL-5 produc-
tion, but not that of IFN-y, in BALF, compared with the
transfer of pEF-BOS or lipid alone (Figs 5a and b). In contrast,
IFN-y production in BALF was significantly induced by trans-
fer of mST2 expression vector (pEF-BOS-mST?2) as well as of its
sham vector (pEF-BOS), compared with that of lipid alone
(Fig. 5c¢).

Discussion

Several recent reports have addressed the kinetics and function
of ST2 gene products in Th2-mediated allergic inflammation in
murine models [13-16]. However, most studies have focused on
the membrane-bound receptor form, ST2L; as such, the kinetics
and function of the soluble form, ST2, in allergen-induced
allergic inflammation have yet to be elucidated. Therefore,
using a conventional murine model of asthma, we carried out
temporal analysis of ST2 expression in sera and lung tissue after
allergen challenge, and evaluated the effects of soluble ST2 on
Th2-dependent allergic airway inflammation.

Our results demonstrated a biphasic increase in serum mST2
levels immediately after allergen exposure, with a maximal
increase in serum mST2 levels at 3h and a slight increase at
36h post-challenge, followed by a decrease (Fig. 1). To our
knowledge, this is the first report addressing the kinetics of
serum-soluble mST2 protein after allergen challenge in murine
models of allergen-induced asthma. In contrast, Gajewska et al.
based on an experimental protocol nearly identical to ours, have
reported that the proportion of CD4% T cells expressing mST2L
in the lung increases as early as 72h after challenge, with a
considerable increase occurring 5 days after challenge [25].
Furthermore, there has thus far been no evidence that soluble
ST2 is produced by shedding of ST2L, and some researchers
have demonstrated that ST2 and ST2L are generated by differ-
ent promoter usage and different transcription initiation
[12,26]. Taken together, these results suggest that expression

of the ST2 and ST2L genes is regulated independently, and thus
both proteins may exhibit distinct functions in immunological
responses.

It is necessary to determine which cells produce serum mST2
protein in rapid response to allergen stimulation. We failed
to detect production of soluble mST2 protein from in vitro-
stimulated splenocytes in the present study. The rapid release
of mST2 into blood within 3h of allergen challenge suggests
possible release from a pre-stored compartment of mST2 pro-
tein. It is possible that mast cells can be one potential source of
pre-formed mST2, because mast cells are critical effectors in the
pathogenesis of Th2-dependent allergic disorders, and are
found to express ST2 at high levels [27, 28]. Antigen-mediated
engagement of FceRI triggers mast cell degranulation and
mediator release during allergic inflammation [29]. Analyses
including immunohistochemistry and in situ hybridization are
now ongoing to determine the origin of serum mST2 in the early
phase after allergen challenge.

Regarding the function of ST2 gene products in Th2-medi-
ated allergic inflammation, most studies have demonstrated
that either disruption of the genes encoding the ST2L protein,
or antibody-mediated neutralization of the protein partially
inhibits various pathological changes associated with experi-
mental allergic inflammation, suggesting that ST2L may play
an essential role in the development of Th2 effector function in a
murine model of allergic inflammation [17-19], though some
investigations have produced controversial results [20]. In con-
trast, there has been little research regarding ST2 (soluble form)
function [17]. Therefore, in the present study, we investigated
the effects of soluble mST2 on allergen-induced airway inflam-
mation by in vivo gene transfer of the mST2 gene in a murine
asthma model. Our results demonstrated that the mST2 gene
transfer results in a drastic reduction in the number of eosino-
phils as well as production of Th2 cytokines in BALF compared
with transfer of empty vector or lipid carrier. These results
are in agreement with previous reports demonstrating that
administration of the recombinant ST2 fusion protein attenu-
ates BALF eosinophilia and suppresses Th2 cytokine produc-
tion in Th2-mediated allergic inflammation [17]. Such an
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inhibitory effect of the transgenic mST2 protein may be
explained by down-regulation of the Th2 effector function via
inhibition of the interaction between ST2L on Th2 cells and the
protein’s putative ligand. This hypothesis is strongly supported
by the in vitro data of Fig. 3 showing that pre-treatment with
mST2 protein significantly suppressed production of Th2 cyto-
kines from OVA-stimulated splenocytes, which were obtained
from OVA-sensitized mice. Within antigen-sensitized spleno-
cytes, there is an interaction between antigen-presenting cells
(APCs) recognizing antigen specifically and Th cells capable of
responding to identical antigens, and this interaction is import-
ant to the subsequent activation and differentiation of effector
Th2 cells during allergen exposure [25]. Lambrecht et al. has
reported that myeloid dendritic cells (DCs), capable of strong
antigen presentation, can induce Th2 response to inhaled anti-
gen via close interaction between ST2L on Th2 cells and its
putative ligands on DCs in a murine asthma model [30]. It can
therefore be speculated that ST2 protein may inhibit the inter-
action between APC and Th2 cells by competition with the
putative ligand in ligation with receptor-type ST2L on Th2
cells, resulting in a down-regulation of Th2 effector function.
Further analyses are necessary to test this hypothesis but, if
true, the ST2L-mediated pathway may constitute another can-
didate for the co-stimulatory pathway between APCs and Th2
cells.

What is the function of the increased levels of soluble mST2
protein after allergen challenge in the murine asthma model?
Based on our results, it is possible that the observed increase in
endogenous mST2 protein production after allergen challenge
(Fig. 1) may suppress allergic airway inflammation in an auto-
regulative manner. We have recently reported that serum
human ST2 levels in patients with atopic asthma rise in correl-
ation with the severity of asthma exacerbation [22]. However,
the function of soluble ST2 expression during asthma attack
remains unclear. It seems unwise to extrapolate these results
from the murine experiments to directly explain the function
of human ST2 in asthma, but appears possible that increased
human ST2 protein production may be required to suppress
allergic inflammation, with the increase being proportional to
the severity of airway inflammation contributing to acute
asthma exacerbation.

Intriguingly, we observed that even non-coding plasmid
DNA complexed to a cationic liposome resulted in a reduction
in the number of BALF eosinophils (Fig. 4). This finding is
compatible with previous reports demonstrating that adminis-
tration of lipid—non-coding plasmid DNA complexes reduces
infiltration of eosinophils into the airway [31,32], possibly
because lipid—non-coding plasmid DNA complexes can them-
selves induce the liberation of Thl cytokines such as IFN-y
(Fig. 5¢) and IL-12 [25]. Furthermore, bacterial plasmid DNA
has been demonstrated to contain CpG motifs (immunostimu-
latory DNA sequences), which themselves induce Thl cyto-
kines [33]. Therefore, the plasmid gene-transfer technique has
a beneficial effect on induction of Thl cytokines, resulting in a
down- regulation of Th2 cells in murine asthma models. Taken
together, these results suggest that in vivo lipofection with plas-
mid vector encoding mST2 cDNA may more effectively inhibit
Th2-dominant inflammation, and such an approach may be
useful in novel gene immunotherapy for allergic diseases. Fur-
ther modifications regarding the dose of the plasmid gene, the
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route of administration, and the treatment schedule are in
progress to optimize the efficacy of this protocol.

In summary, we here analyzed the kinetics and function of
mST?2 expression after allergen challenge in a murine model of
asthma, and our results indicate that serum mST2 protein levels
increase immediately after allergen challenge, and that treat-
ment with mST?2 protein or gene results in a drastic reduction in
pathological changes associated with the Th2-polarized condi-
tion in vitro and in vivo. These results suggest that increases in
endogenous ST2 protein after allergen exposure may function
to modulate Th2-mediated airway inflammation by sequester-
ing ST2 ligands. At present, an ST2 ligand has not yet been
identified. Identification of such a ligand may improve our
understanding of the biological and pathological functions of
ST2, particularly in Th2-mediated allergic disease.
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