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Abstract
Aim: To explore whether local blockade of T-box expressed in T cells (T-bet)
expression in the lungs could lead to airway inflammation.  Methods: Twenty-four
rats were randomly divided into 4 groups: saline group, ovalbumin (OVA)-sensi-
tized group, nonsense group, and the antisense group.  The OVA-sensitized rats
were sensitized and challenged with OVA, and the rats in the nonsense and
antisense groups were subjected to an aerosol delivery of the nonsense and
antisense oligonucleotides (AS-ODN) of T-bet (0.1%, w/v).  The levels of inter-
feron-γ (IFN-γ), interleukin-4 (IL-4), and IL-5 in the bronchoalveolar lavage fluid
(BALF) were detected by ELISA, and the mRNA and the protein expression of
T-bet and GATA-3 genes were examined by in situ hybridization and Western blot
analysis, respectively.  Results: The expression of T-bet mRNA and protein in the
lungs of the rats in the antisense group were inhibited effectively.  The lungs of
the rats in the antisense and OVA-sensitized groups showed eosinophil and lym-
phocyte inflammatory infiltration, and eosinophilia located predominantly around
the airways.  The number of GATA-3 mRNA-positive cells and the level of GATA-3
protein in the lungs of the rats in the antisense and the OVA-sensitized groups
significantly increased.  The level of IL-4 and IL-5 in the BALF in the antisense
and OVA-sensitized groups were elevated, but the level of  IFN-γ decreased
markedly.  Conclusion: Antisense ODN-induced local blockade of T-bet expres-
sion leads to airway inflammation with a selective alteration in patterns of cytokine
expression and recruitment of eosinophil cells similar to that in the OVA-sensitized
animals.
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Introduction
Asthma is a chronic pulmonary disease associated with

reversible airflow obstruction and chronic inflammation of
the airway[1,2]. In asthma, there is a polarization of T-lympho-
cyte responses and enhanced secretion of cytokines involved
in the regulation of immunoglobulin (Ig)-E, mast cells,
basophils, and eosinophils, ultimately leading to airway in-
flammation[3].  The proinflammatory cytokines produced by
T cells contribute to the initiation and perpetuation of aller-
gic asthma[4].

In recent years, studies have found that some transcrip-
tion factors play key roles in the tightly regulated mecha-
nism governing T-helper cell type 1 (Th1), Th2 cell
differentiation, and the ongoing maintenance of the corre-
sponding immune response.  GATA binding protein 3 (GATA-3)
and T-box expressed in T cells (T-bet) are 2 T-cell-specific
transcription factors.  GATA-3 is a pleiotropic transcription
factor of the C4 zinc finger family that binds to a 5'-WGATAR-
3' consensus DNA sequence which is found to be selec-
tively expressed in Th2, but not in Th1 cells, and plays an
important role in cytokine gene expression in T cells[5,6].
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Ectopic expression of GATA-3 in developing T cells leads to
the up-regulation of interleukin-4 (IL-4) and IL-5, and the
down-regulation of interferon-γ (IFN-γ) in allergic asthma.  In
a recently published study, Finotto et al found that the local
delivery of GATA-3 AS-ODN might be a novel approach by
the down-regulation of IL-4, and the up-regulation of IFN-γ
for the treatment of airway hyperresponsiveness in asthma[7]

which has the potential advantage of suppressing the ex-
pression of various proinflammatory Th2 cytokines simulta-
neously rather than suppressing the activity of a single
cytokine.

The other transcription factor, T-bet, a recently discov-
ered transcription factor, is selectively expressed in Th1 cells
and plays a critical role in Th1 differentiation[8].  The T-box
transcription factors have a consensus binding site, and in-
spection of the IFN-γ gene reveals 3 potential T-box binding
sites, 2 of which are located within the proximal promoter
region and the other is located in the third intron[8].  IFN-γ is
a pleiotropic cytokine that regulates both differentiation and
the stabilization of Th1 cells[9–11] through binding to a recep-
tor composed of the IFN-γR1 and IFN-γR2 subunits.  T-bet
can induce the expression of IFN-γ.  In our recently pub-
lished study[12], we found that T-bet was down-regulated in
asthmatic patients compared with normal subjects.
Furthermore, Benjamin et al found that T-bet polymorphisms
were associated with airway hyperresponsiveness[13].  Szabo
and Glimcher developed T-bet-deficient mice in which CD4+
T lymphocytes produced less IFN-γ and more IL-4 and IL-5
than wild-type mice.  Importantly and interestingly, in the
absence of any sensitization or allergen challenge, T-bet-
deficient mice have airway hyperresponsiveness to metha-
choline, and recruit eosinophils and lymphocytes to the air-
way[14].

Based on this data, it was of particular interest to analyze
the expression and functional role of T-bet and GATA-3
genes in asthma.  Thus, we hypothesize that antisense-in-
duced local blockade of T-bet expression in the lungs with-
out any sensitization or allergen challenge of ovalbumin
(OVA) can lead to airway inflammation.

Materials and methods

Reagents  The following reagents were used in the
present study: aluminum hydroxide, crystalline OVA (Sigma,
St Louis, Missouri, USA), polyclonal rabbit antibody anti-
GATA-3, monoclonal mouse antibody anti-T-bet, and
polyclonal rabbit antibody anti-beta-actin (Santa Cruz Bio-
technology Inc, Santa Cruz, CA, USA), biotinylated anti-
goat IgG (Boster, Wuhan, Hubei, China.), IL-4, IL-5, and IFN-γ

ELISA kits (Jingmei Biotech, Shenzhen, Guangdong, China),
in situ hybridization detection kit for biotin labeled probes
of T-bet and GATA-3 (Sigma, St Louis, Missouri, USA), and
T-bet antisense phosphorothioate oligonucleotides (Bochai
Biotech, Shanghai, China).

Oligonucleotides were synthesized with a phosphoro-
thioate backbone to improve resistance to endonucleases.
The AS-ODN consisted of 20-mer analogues to the 5' end of
the rat T-bet sequence which spans the translation initiation
site.  This sequence had no C plus G (CpG) dinucleotide[15]

or a quadruple G sequence element that are known to cause
unspecific effects.  Furthermore, several control (nonsense)
oligonucleotides were prepared, and the nonsense oligo-
nucleotides contained the same nucleotide composition as
the AS-ODN.  The sequences of the biotin labeled probe of
T-bet and GATA-3 for in situ hybridization detection, T-bet
antisense DNA, and T-bet nonsense DNA are listed in Table 1.

Table 1.  Sequences of oligonucleotides.

                   Descriptor                     Sequence

Biotin labeled probes of T-bet 5'-gaaagcacatgggtccaccacgcag-3'
Biotin labeled probes of GATA-3 5'-gcacctttttgcactttttcgatttg-3'
T-bet antisense DNA 5'-ccgagccgataccgagtgac-3'
T-bet nonsense DNA 5'-caggtacgacctcaccggga-3'

Animals, allergen sensitization, and study protocol  The
present study was approved by the Animal Ethics Commit-
tees of West China Hospital at Sichuan University.  Twenty-
four specific pathogen-free, female Wistar rats (8–10 weeks
of age) were obtained from the Experimental Animal Center
of Sichuan University.  The rats kept in standard animal re-
search facilities were given food and water and had filtered
air.  The rats weighed between 150 and 180 g at the time of
testing.

The 24 rats were then randomly divided into 4 groups:
saline group, OVA-sensitized group, antisense group, and
nonsense group.  The 6 rats in the OVA-sensitized group
were sensitized by intraperitoneal injection on d 0 and d 7
with 1 mg OVA and 200 µg Al(OH)3 in 0.5 mL saline.  From d 14
to d  21, the rats underwent aerosol challenge with OVA (1%,
w/v) lasting 30 min per 2 days.  The animals in the saline
group underwent saline sensitization and aerosol challenge
with saline.  The 6 rats in the antisense group underwent
aerosol delivery of the AS-ODN with 3 mg (0.1%, w/v), and
aerosol delivery of nonsense oligonucleotides with 3 mg
(0.1%, w/v) was administered intratracheally in the nonsense
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group from d 0 to d 21 per 2 days.
Bronchoalveolar lavage and IL-4, IL-5, and IFN-γ

enzyme-linked immunosorbent assay  The left lungs of the
rats were used for bronchoalveolar lavage (BAL) analysis.
The trachea was cannulated with a 20-gauge catheter that
was secured with a ligature, and lavage of the left lung was
performed using a 3-mL aliquot of saline (0.9% NaCl at 4 ºC).
A total of 3 lavages were performed after tying off the right
lung at the mainstem bronchus.  In all the rats, the recovery
of the lung lavage fluid was 80% or greater.  The recovered
fluid was centrifuged at 1 200 r/min for 5 min to deposit the
cells and the supernatants of BAL fluid (BALF) were imme-
diately placed on melting ice.  Four hundred cells of a Wright–
Giemsa-stained cytocentrifuge slide preparation were
counted for determination of the differential cell recovery.
To determine cytokine concentrations in BALF, supernatants
were analyzed by specific ELISA for concentration of IL-4,
IL-5, and IFN-γ.

Lung histology and in situ hybridization detection for
T-bet and GATA-3 mRNA  After bronchoalveolar lavage, the
right lung was fixed in 10% formaline, dehydrated, mounted
in paraffin, sectioned, and stained with hematoxylin and eosin
(HE).  T-bet and GATA-3 mRNA were detected in the lung
sections using an in situ hybridization system according to
the manufacturer’s instructions.  The hybridization signal of
T-bet mRNA was detected by the streptavidin-biotin-peroxi-
dase complex (SABC-POD) method with the aminoethyl car-
bazole (AEC) substrate system, and the GATA-3 mRNA was
visualized by the streptavidin-biotin-alkaline phosphatase
complex (SABC-AP) technique with the diaminobenzidine
(DAB) substrate system[16].

Western blot analysis for T-bet and GATA-3  Eighty mi-
crograms of the right lung tissue of 1 rat was frozen immedi-
ately and stored in liquid nitrogen until required.  The lungs
were then homogenized using an electrical homogenization
machine, and the proteins were extracted in phosphate-buff-
ered saline (PBS) in the presence of protease inhibitors
(6.75% aprotinin, 312 µg/mL trypsin inhibitor) and 0.62%
NP-40.  Protein concentrations were determined by a protein

assay according to the manufacturer’s instructions (Bio-Rad
Laboratories Inc, Hercules, CA, USA).  The standard curve
was performed using 0, 4, 8, and 16 µg of BSA per mL.

The total proteins of the 50 µg isolated from the right
lung was separated by 15% SDS-PAGE and blotted onto a
nitrocellulose membrane.  Equal loading was assessed with
Ponceau’s solution (Sigma, St Louis, Missouri, USA).  The
membrane was then incubated in blocking solution (5% dry
milk in PBS) for 1 h at room temperature and subsequently
exposed to 0.8 µg/mL of antibodies, anti-T-bet and anti-
GATA-3, overnight at 4 ºC.  The day after, the membrane was
incubated with peroxidase-conjugated anti-rat IgG (1:2500)
for 60 min at room temperature.  The density of T-bet or
GATA-3 stained bands relative to beta-actin expression was
quantified with Quantity ONE densitometry software (PDI
Imageware Systems, Huntington Station, NY, USA).

Statistical analysis  All data were expressed as mean±
standard deviation (SD), and the difference was analyzed
with nonparametric ANOVA.  Statistical analysis was per-
formed using SPSS software (Version 11.5 for Windows,
Chicago, IL, USA).  The acceptable level of statistical sig-
nificance was set at a probability of less than 0.05.

Results

Lung histology and inflammatory cell infiltration in
BALF  The lungs of the OVA-sensitized and antisense ani-
mals showed significantly patchy inflammatory cells infiltra-
tion that was located predominantly around the airways com-
pared with the saline-sensitized and nonsense animals (Figure 1).
The total cellularity of BALF recovered from the rats in the
nonsense group was not significantly different from the sa-
line animals (P>0.05), but differential cell count revealed a
significantly increased percentage of eosinophils in both
the antisense and OVA-exposed animals (3.0%±1.0% and
4.5%±0.9%, respectively) compared with the saline animals
(0.6%±0.1%, both P<0.01) (Table 2).

Levels of IL-4, IL-5, and IFN-γ in BALF  The levels of
IL-4 and IL-5 in the BALF of both the antisense group (95.2±

Table 2.  Total cell count and cellular composition in bronchoalveolar lavage fluid (BALF).  n=6.  Mean±SD.  aP>0.05, cP<0.01 vs the saline
group.

      Group   10-6×Total cell count/mL-1         Eosinophils(%)      Lymphocytes(%)      Neutrophils(%)      Macrophages(%)      Others(%)

Saline 4.7±0.7 0.6±0.1 20.0±2.0 21.0±3.0 54.0±4.0 4.0±2.0
OVA 8.8±1.9c 4.5±0.9c 18.0±2.0 20.0±2.0 53.0±1.9 4.0±2.0
Antisense 7.3±1.4c 3.0±1.0c 19.0±3.0 20.0±2.0 53.0±4.0 6.0±2.0
Nonsense 4.8±1.5a 0.6±0.2a 23.0±2.0 22.0±2.0 53.0±2.0 5.0±1.0
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Figure 1.  Histological evidence of airway inflammation and T-bet (red) and GATA-3 (brown) expression detected by in situ hybridization in
the saline group (A,B), the OVA-sensitized group (C,D), the antisense group (E,F), and the nonsense group (G,H) .  After 21 d, the lungs of the
OVA-sensitized (C,D) and the antisense animals (E, F) showed significant patchy inflammatory infiltration and eosinophilia that were located
predominantly around the airways compared with the saline-sensitized (A,B) and nonsense animals (G,H).  Number of T-bet mRNA positive
cells/HPF in both the antisense group (E) and the OVA-sensitized group (C) was significantly lower compared to the saline group (A) and
nonsense group (G), but the number of GATA-3 mRNA positive cells/HPF in the antisense group (F) and the OVA-sensitized group (D) was
significantly higher compared with the saline (B) and nonsense (H) groups.  n=6.  Original magnification ×400.

21.7 µg/L and 19.5±4.9 µg/L, respectively) and the OVA-sen-
sitized group (104.6±18.3 µg/L and 23.0±5.6 µg/L,
respectively) were significantly higher than those in the non-
sense group (41.6±18.2µg/L and 4.3±1.8 µg/L, respectively)
and the saline group (39.2±19.9 µg/L and 3.1±1.4 µg/L,
respectively; all P<0.01), but the level of IFN-γ in both the
antisense (288.2±18.9 µg/L) and OVA-sensitized (261.5±30.7
µg/L) animals was lower compared with the nonsense
(346.8±19.8 µg/L) and the saline (352.5±22.2 µg/L) animals

(all P<0.01; Figure 2).
In situ hybridization detection for T-bet and GATA-3

mRNA  T-bet mRNA-positive cells exhibited red staining,
and the GATA-3 mRNA positive cells had brown staining in
the cytoplasma.  The number of T-bet mRNA positive cells
per high-power field (HPF) in both the antisense group
(5.1±1.6 cells/HPF) and the OVA-sensitized group (3.9±1.6
cells/HPF) was significantly lower compared to the nonsense
group (8.5±2.1 cells/HPF) and saline group (9.3±2.1 cells/
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HPF; P<0.01).  Whereas the number of GATA-3 mRNA posi-
tive cells per HPF in the antisense group (8.1±2.3 cells/HPF)
and the OVA-sensitized group (8.9±1.9 cells/HPF) was sig-
nificantly higher compared with that in the other groups
(6.1±2.0 cells/HPF and 5.1±1.5 cells/HPF, respectively; P<
0.05; Figures 1,2).

Expression of T-bet and GATA-3 protein  Western blot
analysis of 50 µg total protein derived from the right lung
was performed in order to assess the local T-bet and GATA-
3 expression.  Down-regulation of T-bet relative to beta-ac-
tin protein expression was observed in the antisense T-bet-
treated (0.71±0.13) and OVA-sensitized (0.62±0.12) lungs, but
not in the lungs treated with nonsense oligonucleotides
(0.89±0.13) compared with the saline group (0.92±0.14; all P<
0.05).  On the contrary, protein expression of GATA-3 rela-
tive to beta-actin was up-regulated in the antisense (0.78±
0.15) and OVA-sensitized (0.96±0.14) groups compared with
the saline group (0.52±0.11; all P<0.05; Figure 3).

Discussion
In recently published studies, mice with a targeted dele-

tion of the T-bet gene and severe combined immunodefi-
cient mice receiving CD4+ cells from T-bet knock-out mice

spontaneously demonstrated multiple physiological and in-
flammatory features characteristic of asthma, indicating that
the lack of T-bet gene plays a crucial role in the development
of Th2-mediated lung inflammation[14].  However, it remains
unclear whether local blockade of T-bet expression in the
lung would lead to airway inflammation.

AS-ODNs are now commonly used as a selective strat-
egy to inhibit the expression of a variety of genes[17].  The
lung represents an ideal organ to use AS-ODN, given that its
large surface area and the surfactant that could facilitate the
cellular absorption of ODN.  Aerosol of intratracheal admin-
istration could avoid the potential toxicity of systemic
administration.  Therefore, antisense technique and AS-ODN
intratracheal administration were applied in the present study.
After the intratracheal delivery of T-bet AS-ODN, but not T-
bet nonsense-ODNs, T-bet mRNA positive cells and the level
of T-bet protein markedly decreased in the lungs.

T-bet can induce over-expression of IFN-γ[8].  Upon IFN-γ
stimulation, janus kinase (Jak) 1 and Jak 2 become tyrosine
phosphorylated and activated, and induce tyrosine phos-
phorylation and homodimerization of the transcriptional ac-
tivator signal transducer and activator of transcription pro-
tein (STAT)-1[9–11].  Subsequently, the Stat1:Stat1 homodimer

Figure 2.  (A) Number of T-bet and GATA-3 positive cells/HPF
detected by in situ hybridization in lungs.  (B) Levels of IFN-γ, IL-4 and
IL-5 cytokines in BALF.  n=6.  Mean±SD.  aP>0.05, bP<0.05, cP<0.01 vs
the saline group.

Figure 3.  Western blot analysis of T-bet and GATA-3 expression in
the lungs. (A) Lanes 1 to 4, samples from the saline group, the OVA-
sensitized group, the antisense group, and the nonsense group,
respectively. (B) Density of T-bet or GATA-3 stained bands relative
to beta-actin expression was quantified via densitometry. Expression
of T-bet in the lungs of the OVA-sensitized and the antisense rats
(with the exception of the nonsense rats) significantly decreased, but
the expression of GATA-3 was down-regulated compared with the
saline rats. n=6. Mean±SD. aP>0.05, bP<0.05 vs the saline group.
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complex translocates to the nucleus of the cells where it
binds to IFN-activated site elements present in the promot-
ers of regulated genes to initiate transcription.  It has been
recently reported that activated STAT-1 could induce T-bet.
T-bet then induces IFN-γ itself in a positive feedback loop,
promoting the stabilization of the Th1 phenotype[8,18].  In the
present study, we demonstrate that T-bet AS-ODN signifi-
cantly reduce the level of IFN-γ in the BALF which may be
induced by local blockade of T-bet expression[19].

Cell lineage specification depends on both gene activa-
tion and gene silencing, and in the differentiation of T-helper
progenitors to Th1 or Th2 effector cells, this requires the
action of 2 opposing transcription factors: T-bet and GATA-3.
Imbalanced T-cell-specific transcription factors T-bet and
GATA-3 can contribute to type 2 T-helper cell polarization in
asthmatic pathogenesis[12,20,21].  GATA-3 could intrinsically
suppress T-bet[22] and T-bet can in turn repress the Th2 lin-
eage through the tyrosine kinase-mediated interaction be-
tween the 2 transcription factors that interferes with the bind-
ing of GATA-3 to its target DNA[23].  Therefore, decreased
expression of T-bet by local blockade with AS-ODN could
lead to the up-regulation of GATA-3 and the imbalance of
the T-bet and GATA-3 ratio in the lungs.

GATA-3 is necessary and sufficient for IL-4 production[24]

and the regulatory elements outside of 800-bp proximal pro-
moter are required to direct full IL-4 gene activity[25].  Some
published studies have shown the binding of GATA-3 to 3
sites in the human IL-5 promoter[26] where GATA-3 acts di-
rectly to induce IL-5 promoter activity[5].  IL-5 is a key regu-
lator of growth and differentiation of eosinophils.  In this
study, the levels of IL-4 and IL-5 in BALF were further
increased, and eosinophilia, a hallmark of asthma, became
apparent after 28 d administration of AS-ODN in antisense
rats.  Our data demonstrates that targeted inhibition of T-bet
expression in the local lung by an AS-ODN, in the absence
of OVA, results in a selective alteration in the pattern of
cytokine expression in the BALF and eosinophilia in air-
ways similar to those in the OVA-sensitized rats.

The Th1/Th2 concept is needed in order to understand
the pathophysiology of certain diseases.  The present study
implies that a novel approach of the local delivery of retroviral
gene transduction of T-bet or administration of a T-bet-spe-
cific AS-ODN or small interfering RNA (siRNA) has the po-
tential advantage of increasing or suppressing the expres-
sion of various Th1 cytokines simultaneously rather than
increasing or suppressing the activity of a single cytokine.
Several hazards and ethics associated with gene transfer
have been verified by clinical trials[29,30].  Interestingly, re-
cently published studies have found that traditional

medicines, such as astragalus[31], several protopanaxatriol-
type ginsenosides[32], and Chung-Yeul-Gue-Soup-Sa-Gan-
Tang[33], could enhance T-bet gene activity and modulate
Th1/Th2 lineage development.  Therefore, some Chinese
medicinal herbs could be a complementary approach in en-
hancing T-bet activity by regulating the skewed balance of
Th1/Th2 in treating asthma.

In conclusion, our results show that antisense-induced
local blockade of T-bet expression leads to airway inflamma-
tion with a selective alteration in patterns of cytokine ex-
pression and eosinophilia similar to those in mice lacking
T-bet.  Furthermore, the data support the importance of
T-bet as a key role in the pathogenesis of asthma, and sug-
gest that T-bet would provide possible therapeutic benefits
for asthma sufferers.
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