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M Abstract

Background: Allergic asthma is caused by aberrant helper T (T,) type 2 immune responses in susceptible individuals, characterized by airway
hyperresponsiveness, chronic airway inflammation, and mucus hypersecretion. Its prevalence continues to increase, but optimal treatment
remains a challenge. The transcription factor T-bet is a master regulator of Ty1 lineage commitment and strongly promotes interferon vy
expression during Ty1 cell differentiation.

Objective: The aim of this study was to explore the role of intranasal delivery of T-bet on the differentiation of Ty, cell subsets and airway
inflammation in the ovalbumin (OVA)-induced mouse model of allergic airway inflammation.

Methods: BALB/c mice were sensitized by intraperitoneal injection of OVA and challenged with nebulized OVA. Four days before the
inhalation challenge, the sensitized mice were subjected to intranasal delivery of a recombinant adeno-associated virus vector carrying
murine T-bet gene (AAV-T-bet). Expression of the transcription factors T-bet, GATA3, and Foxp3 was then assayed in the lungs, and airway
histology was analyzed along with other inflammatory parameters, such as eosinophils and cytokines in bronchoalveolar lavage (BAL)
fluid, and total and OVA-specific immunoglobulin (Ig) E in serum.

Results: Intranasal administration of AAV-T-bet efficiently balanced the T41/T42 transcription factor and cytokine profile and significantly
decreased the number of eosinophils in BAL fluid. It also resulted in a reduction of peribronchial inflammation scores and serum IgE levels
in OVA-sensitized and challenged mice during the effector phase.

Conclusions: Our data show that intranasal delivery of T-bet can promote a T,1 immune response, restore a balanced Th immune response,
and inhibit airway inflammation during the challenge phase in a mouse model of allergic airway inflammation.
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M Resumen

Antecedentes: Las respuestas inmunitarias del linfocito T cooperador (T¢) de tipo 2 anémalas provocan asma alérgica en individuos
susceptibles. Esta se caracteriza por una hiperreactividad e inflamacion cronica de las vias respiratorias e hipersecrecion de moco. Su
prevalencia va en aumento y hallar el tratamiento 6ptimo sigue siendo un reto. El factor de transcripcion T-bet es el regulador principal
del linaje Tc1 y estimula de modo notable la expresion del interferén y durante la diferenciacion celular de Tc1.

Objetivo: El objetivo de este estudio fue investigar el papel de la administracion intranasal del T-bet sobre la diferenciacion de las subclases
de células T y la inflamacion de las vias respiratorias, en un modelo murino de inflamacién alérgica de las vias respiratorias inducido por
ovoalblimina (OVO).

Métodos: Se sensibilizaron ratones BALB/c mediante inyeccion intraperitoneal de OVO y se provocaron con OVO nebulizada. Cuatro dias
antes de la prueba de provocacion por inhalacion los ratones sensibilizados se sometieron a administracion intranasal de un vector viral
recombinante adenoasociado portador del gen T-bet murino (AAV-T-bet). La expresion de los factores de transcripcion T-bet, GATA3 y Foxp3
fue analizada en pulmdn y se analiz6 la histologia de las vias respiratorias, junto con otros parametros inflamatorios como los eosindfilos
y las citocinas en el liquido del lavado broncoalveolar (LBA) y la inmunoglobulina (Ig) E sérica total y especifica a OVO.

Resultados: La administracion intranasal de AAV-T-bet equilibré de manera eficiente los factores de transcripcion Tc1/Tc2 y el perfil de
citocinas y provoco una disminucion significativa del nimero de eosindfilos en el liquido del LBA. También provocé una reduccion de la
inflamacién peribronquial y de las concentraciones de IgE séricas en ratones OVO-sensibilizados y provocados, durante la fase efectora.
Conclusiones: Nuestros datos muestran que la administracion intranasal de T-bet puede fomentar una respuesta inmunitaria Th1, reestablecer
una respuesta inmunitaria TC equilibrada e inhibir la inflamacion de las vias respiratorias durante la fase de provocacion en un modelo
murino de inflamacion alérgica de las vias respiratorias.

Palabras clave: Asma. Alergia. Factor de transcripcion. Modulacion. Respuesta inmunitaria Tc1/T2.
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Introduction

Asthma is a chronic inflammatory disease characterized
by airway hyperresponsiveness, mucus overproduction, and
infiltration of inflammatory cells in the airway [1]. Type 2
helper T (Ty) cells(Tx2) areconsidered to play acritical rolein
the pathogenesis of asthmaby producing avariety of cytokines
such as interleukin (IL)-4, IL-5, IL-9, and IL-13 [2]. These
cytokines promote immunoglobulin (Ig) isotype switching
to IgE, mediate infiltration of inflammatory cells (such as
eosinophils, mast cells, T lymphocytes, and neutrophils)
in the airways, and lead to the production of a wide range
of inflammatory mediators [3]. In addition, a reduced T,1
immune response is a so characteristic of alergic asthma

T, cell differentiation is regulated at various levels, such
as the interaction of peptide antigens with the T cell receptor,
cytokine signaling, actions of costimulatory molecules, and
induction of the transcription factors GATA binding protein 3
(GATA3) and T-bet (T-box expressed in T cells). Among them,
GATA3 and T-bet arecritical for differentiation of naive T cells
into Ty2 and T, 1 cells, respectively [4,5]. Studies have shown
that T-bet, amember of the T-box family of transcription factors,
is amaster regulator of Tyl lineage commitment [5]. T-bet is
induced by STAT-1-mediated signals and strongly promotes
IFN-yand IL-12R(32 expression during T,,1 cell differentiation
while suppressing T2 differentiation [6,7]. GATA3 isa zinc
finger proteinthat ispreferentially expressed during the course of
T2 differentiation in responseto IL-4 signals[8,9]. Moreover,
T-bet-deficient mice have hypersensitive airways and develop
asthma spontaneously [10]. Thus, a balance between GATA3
and T-bet is believed to control T,1/Tx2 polarization.

It is well known that T2 cells and their cytokines play
a key role in the immunopathogenesis of alergic asthma.
Previous studies have shown that T-bet hasaspecific regulatory
rolein Tyl cells. Retrovira expression of T-bet in developing
and developed T2 cellsnot only induces high-level production
of IFN-v, but also suppresses the expression of IL-4 and IL-5
invitro[5]. Recently, we have cloned the cDNA of T-bet from
Balb/c mice and constructed its corresponding recombinant
adeno-associated viral vector (AAV-T-bet). In the present
study, we explored whether intranasal delivery of AAV-T-bet
to the airway mucosa in a murine model of alergic airway
inflammation can regulate Ty1/T,2 lineage development in
vivo, prevent aberrant T, 1/ T2 polarization, and subsequently
relieve airway inflammation.

Materials and Methods

Reagents

A recombinant adeno-associated viral vector carrying the
murine T-bet gene (AAV-T-bet) was constructed previously in
our laboratory [11]. The AAV-T-bet vector was not checked
for the presence of endotoxin, but the AAV-T-bet packing
plasmids were purified with the EndoFree Plasmid Mega Kit
(Qiagen, Vaencia, Cdifornia, USA). Ovalbumin (OVA, Grade
V), aluminium hydroxide, and bovine serum abumin (BSA)
were purchased from Sigma-Aldrich (St Louis, Missouri,
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USA). Trizol reagents and First Strand cDNA Synthesis Kit
for reverse-transcriptase polymerase chain reaction (RT-PCR)
were purchased from Invitrogen Life Technol ogies (Carlsbad,
Cadlifornia, USA) and QuantiTect SYBR Green PCR Kit for
guantitative real-time PCR was from Qiagen. Biotinylated
anti-mouse IgE antibodiesand 3,3',5,5' -tetramethylbenzidine
were obtained from Bethyl Laboratories Inc (Montgomery,
Texas, USA). Mouse OVA-specific IgE enzyme-linked
immunosorbent assay (ELISA) kit was from AbD Serotec
(Oxford, UK). Mouse IL-4, IL-5, and IFN-y ELISA Kits
were from Jingmei Biotech Inc (Shenzhen, China). All other
chemicals or reagents were of the highest quality available.

Animals

Female Balb/c mice (6 weeksold), weighing 18+ 2 g, were
purchased from the laboratory animal center of Yangzhou
University (Yangzhou, China). Mice were housed in plastic
cageswith sterilized wood-chip bedding, bred in animal rooms
kept at a temperature of 23°C+2°C and a relative humidity
of 55%:+ 10% with a 12-hour light—dark cycle. They had free
access to tap water and normal diet. Mice were separated
into 4 groups (8 to 10 mice in each group): saline control,
OVA control, AAV-treated control, and AAV-T-bet-treated.
The saline control group was a sham control in which saline
substituted OVA during sensitization and challenge. The
OVA control was the model of allergic airway inflammation
in which mice were sensitized and challenged with OVA. In
the AAV-treated control group, the empty vector served as a
control for gene delivery inthe model of experimental asthma.
In the AAV-T-bet-treated group, the AAV-T-bet vector was
administered intranasally for gene delivery studiesin themodel
of OVA-induced experimental asthma. Animal experiments
were approved by the animal handling safety and ethics
committee of Jiangsu University.

Induction of a Mouse Model of Allergic Airway
Inflammation

The mouse model of alergic airway inflammation was
established as described by Lommatzsch et a [12] with dight
modifications. Briefly, the OVA control, AAV-treated control,
and AAV-T-bet-treated groups were sensitized by intraperitoneal
injection of 50 ug OVA protein and 2 mg auminum hydroxide
gel in saline. A second sensitization was given 10 days after the
initial sengtization. Onday 22 after initial sensitization, micewere
placed in a Plexiglas chamber linked to an ultrasonic nebulizer
and chadlenged with aerosolized OVA solution (10 mg/mL in
saline) for 30 minutes. The provocation was performed once a
day for 5 consecutive days and then the mice were assessed for
allergicinflammation of thelungs 24 hoursafter thelast aerosol
exposure. Micein the AAV-treated control group and the AAV-
T-bet-treated group weretreated intranasally with 1 x 10% vector
genome (vg) per mL AAV or AAV-T-bet vectors, respectively,
in15uL PBS, from 3 to 4 days before theinhalation challenge.
The applied AAV dose of T-bet differed from that used in the
related study of Lassance et a [13]. Mice in the saline control
group received intraperitoneal mock sensitization with saline
and were challenged with an aerosol of saline without OVA
(Figure 1).
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Figure 1. Schematic diagram of the experimental protocol. Mice were sensitized on day 1 and 11 by intraperitoneal (ip) injection of 50 ug of ovalbumin
(OVA) emulsified in 2 mg aluminum. On day 22, 23, 24, 25, and 26 after the primary sensitization, the mice were challenged with an aerosol of 1%
OVA solution or saline (control) for 30 minutes every day using an ultrasonic nebulizer. Adeno-associated virus vector (AAV) was administered either as
empty vector or containing T-bet (AAV-T-bet) intranasally on days 18 and 19.

Bronchoalveolar Lavage

Under ether anesthesia, mice were bled and sacrificed on
day 27. Bronchoalveolar lavage (BAL) fluid was collected by
washing the trachea twice with 1.0 mL of pyrogen-free PBS
containing 0.05 mM ethylene diamine tetraacetic acid. The
BAL fluid was centrifuged at 300 g for 5 minutes at 4°C, and
the cells were separated from the fluid. The first lavage fluid
was stored at —20°C until it was analyzed. The cell pellets
from the BAL fluid were resuspended in 0.5 mL PBS, and the
total number of cellswas determined using a hemocytometer.
Differential cell counts were determined with cytospin
preparations followed by Giemsa staining.

Enzyme-Linked Immunosorbent Assay for Cytokines
and IgE

The presence of IL-4, IL-5, and IFN-y in BAL fluid was
assessed by ELISA. Blood samples were collected from
experimental animalsby cardiac puncture after ether anesthesia
and the sera were stored at —80°C prior to analysis. Total
IgE and OVA-specific IgE in serum from each animal were
also analyzed according to the manufacturer’s instructions.
Cytokine, total IgE, and OVA-specific IgE concentrations
were calculated by comparison with cytokine and IgE
standards of known concentration. The assay sensitivitiesfor
cytokines were 15-2000 pg/mL (IL-4 and IL-5 system) and
15-2000 pg/mL (IFN-y system). The sensitivity for total IgE
was0-1000 ng/mL and for OVA-specific IgE it was8.0-800 ng/mL.
The experiments were performed in triplicate.

Respiratory Tract Histology

Lungs were harvested on day 27. The right lung was
preserved in liquid nitrogen for total RNA extraction while
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the left lung was fixed in 10% phosphate-buffered formalin,
embedded in paraffin, sectioned, and stained with hematoxylin-
eosin (H&E), Giemsa (for identification of eosinophils),
and periodic acid Schiff (PAS, for identification of mucus).
The histopathological changes were graded according to a
semiquantitative scoring system [14] as mild (score 1-2),
moderate (score 3), or severe (score 4) by 2 researcherswithout
prior knowledge of the treatment group. Briefly, this score
described thefollowing categories: 0, no inflammation; 1, few
inflammatory cells; 2, aring of inflammatory cells 1 cell layer
deep; 3, aring of inflammatory cells 2—4 cells deep; and 4, a
ring of inflammatory cells >4 cells deep. Mucus production
was assessed by determining the percentage of goblet cellsthat
stained strongly. L ung sections from each group of mice were
counted with at least 1000 epithelial cellsanalyzed per section.
The results were calcul ated as the percentage of positive cells
from each group of mice. Dataare presented asmedian (range).
All experiments were performed in triplicate.

Reverse-Transcriptase and Real-Time Polymerase
Chain Reaction for T-bet, GATA3, and Foxp3

Total RNA was extracted from lung tissue. Reverse
transcription wascarried out with 1 ug of total RNA usinganoligo
(dT)12-18 primer, and red -time quantitative PCR was performed
for T-bet, GATA3, and Foxp3 on the Roter-Gene 2000 Sequence
detector using the QuantiTect SYBR Green PCR Kit according
to the manufacturer’s protocol. Standard curves were generated
using plasmids (pGEM T-easy, Promega) containing either T-bet,
GATA3, or Foxp3 inserts. The primer sequenceswere asfollows:
2 microglobulin (R2MG), sense5'-TCACTGACCGGCCTGTAT
GCTATC3, antisense5'-GTGAGGCGGGTGGAACTGTGT-
3’; T-bet, sense 5°-TCCCATTCCTGTCCTTCA-3',
antisense 5'-GCTGCCTTCTGCCTTTC-3'; GATAS3,
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sense 5'-ACCACGGGAGCCAGGTATG-3’, antisense
5'-CGGAGGGTAAACGGACAGAG-3'; Foxp3, sense
5'-GCTCCCGGCCTGGTCTGCTC-3', antisense 5’-
AGGTGGCGGGG TGGTTTCTGA-3'. The primers were
constructed to generate fragment of 372 bp for T-bet, 170 bp
for GATA3, 252 bp for Foxp3, and 123 bp for 2MG. Each
PCR amplification used the following conditions: 10 minutes
at 94°C, followed by atotal of 35 or 40 cycles of 15 seconds
at 94°C and 1 minute at 60°C. The melting point analysis
was carried out by heating the amplicon from 65°C to 95°C,
allowing the characteristic melting point to be found for
each product. The length of the product was confirmed by
electrophoresis. Gene expression was quantified relative to
the expression of R2MG. Experiments were performed in
triplicate.

Statistical Analysis

Total and differential cell counts in BAL fluid displayed
anon-normal distribution, and parameters were expressed as
median values (range). Therefore, differences in cell counts
between the 4 groups were assessed by Kruskal-Wallis test.
The concentrations of IFN-y, IL-4, and IL-5 in BAL fluid,
and those of total and OVA-specific serum IgE had a log-
normal distribution, and data were shown as geometric mean
(SEM). Expression of T-bet, GATA3, and Foxp3 were normally
distributed, and values were expressed as means (SEM).
Differences among all groups were assessed by analysis
of variance (ANOVA). P<.05 was considered statistically
significant. Relationships between IFN-y, IL-4, T-bet and
GATA3in BAL fluid were examined by cal culation of Pearson
correlation coefficients.

Results

Effects of T-bet Gene Delivery In Vivo on the Cell
Numbers in BAL Fluid

Compared with the saline control group, the total number
of cellsin BAL fluid was increased in the OVA control and
AAV-treated control groups (P<.05), but it was dramatically
reduced in the AAV-T-bet group (P<.05, Table 1). Also, the

counts of macrophages, lymphocytes, and eosinophils were
significantly increased in OVA and AAV-treated control mice
when compared with the saline control group (P<.05), while
the counts of those cells were significantly decreased in the
mice treated with AAV-T-bet compared with the OVA control
group (P<.05, Table 1).

Effects of T-bet on Pulmonary Inflammation

Lung tissue was collected 24 hours after the last challenge.
Inflammatory cellswereanayzed by H& E Saining (Figure2A-D).
OVA challenge induced marked infiltration of inflammatory
cellsinto the peribronchial and perivascul ar tissue as compared
with the saline control group. Most infiltrated inflammatory
cells were macrophages, lymphocytes, and eosinophils, as
detected by Giemsa staining (data not shown). Inflammation
was abated in the AAV-T-bet group when compared with that
of the AAV-treated control or OVA control groups (P<.05,
Figure 2I), and was close to the saline control (P>.05).
Allergen-induced mucus secretion was detected by PAS
staining (Figure 2E-H). The percentage of PAS-positive
mucus-containing epithelial cells was higher in the OVA
control group than the saline control group. The percentage of
mucus-secreting cells decreased significantly after intranasal
delivery of AAV-T-bet when compared with the OVA control
or AAV-treated control groups, but it was higher than in the
saline control group P<.05, Figure 2J).

Effects of T-bet on Cytokines, Total IgE and OVA-
Specific IgE

Cytokine profilesin BAL fluid were analyzed by ELISA
24 hours after the last OVA inhalation. The levels of IL-4 in
BAL fluid were elevated in the OVA control group (257.08
[1.51] pg/mL) compared to the saline control group (56.86
[1.48] pg/mL, P<.05), and reduced in AAV-T-bet-treated
mice (149.61 [1.41] pg/mL) when compared with the OVA
control or AAV control mice (290.86 [1.45] pg/mL, P<.05),
but were higher than in the saline control group. In addition,
IL-5 levels in BAL fluid were similar to those of IL-4,
which were higher in OVA control (189.91 [1.55] pg/mL)
and AAV control mice (158.45 [1.70] pg/mL) than in the
saline control group (29.56 [1.58] pg/mL), and decreased

Table 1.Total and Differential Cell Counts in BAL Fluid 24 Hours After the Last Allergen Challenge?

Group No Total Cells Macrophages Lymphocytes Eosinophils Neutrophils
Saline control 10 0.24 (0.15-0.39) 0.22 (0.13-0.36) 0.02 (0.01-0.03)  0.(0-0) 0(0-0)
OVA control 10 0.63 (0.33-0.98)° 0.39 (0.26-0.56)° 0.13(0.02-0.18)>  0.15(0.05-0.34)° 0.01 (0-0.04)
AAV control 10 0.64 (0.32-0.91)° 0.36 (0.20-0.48)° 0.09 (0.04-0.24)>  0.16 (0.08-0.22)° 0.02 (0.01-0.03)
AAV-T-bet 8 0.34(0.22-0.52)°¢  0.28(0.18-0.40)°  0.02(0.00-0.07)°  0.02(0.01-0.02)c¢  0.01 (0-0.02)

Abbreviations: AAV, adeno-associated viral vector; BAL, bronchoalveolar lavage; OVA, ovalbumin.
3 Data are shown as the median (range) number of cells (x 10%) per mL in 3 comparable experiments.
b P<.05 compared with saline control group

¢ P<.05 compared with OVA control group

4 P<.05 compared with AAV-treated control group.
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Figure 2. Effects of T-bet gene delivery on allergen-induced pulmonary inflammation and quantification of histological inflammation. The figure shows
photomicrographs of lung tissue from the 4 groups of mice (8-10 mice in each group). Balb/c mice exposed to saline (A, E), ovalbumin (OVA) alone (B, F), or OVA
plus treatment with adeno-associated virus vector (AAV), without a gene insert (C, G) or containing the T-bet gene (D, H). Sections were stained with hematoxylin-
eosin (A-D) or periodic acid Schiff (E-H). Original magnifications, x 400. | and J show boxplots of the peribronchial inflammation scores (I) and mucus score
(percentage of positive goblet cells), respectively. Kruskal-Wallis test and Nemenyi test were used for comparisons among groups. * indicates P<.05 compared
with the saline control group; #, P < .05 compared with the AAV-T-bet-treated group. Comparable results were obtained in 3 representative experiments

Table 2. Effects of T-bet Delivery on the Levels of Cytokines in BAL Fluid and IgE in Serum?

OVA-Specific
Group No IL-4, pg/mL IL-5, pg-mL IFN-y, pg/mL Total IgE, ng/mL IgE ﬁg/mL
Saline control 10 56.86 (1.48) 29.56 (1.58) 130.20 (1.58) 25.44 (1.38) 6.61 (1.70)
OVA control 10 257.08 (1.51)° 189.91 (1.55) 54.67 (1.55) 233.67 (1.45)° 34.95 (1.45)
AAV control 10 290.86 (1.45)° 158.45 (1.70)° 63.87 (1.45)° 218.90 (1.58)° 29.28 (1.55)°
AAV-T-bet 8 149.61 (1.41)bed 64.54 (1.45)cd 108.48 (1.38)cd 109.63 (1.48)c4 15.41 (1.58)c¢

Abbreviations: AAV, adeno-associated viral vector; BAL, bronchoalveolar lavage; IFN, interferon; IgE, immunoglobulin E; IL, interleukin; OVA,
ovalbumin.

2 Data are shown as geometric means (SEM) of 3 comparable experiments.

®P<.05 compared with saline control group

¢ P<.05 compared with OVA control group

4P<.05 compared with AAV-treated control group
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Figure 3. Effects of T-bet gene delivery on the expression of T-bet and GATA-3. The mRNA levels of transcription factors T-bet (A), GATA-3 (B), T-bet/GATA-3
(C), and Foxp3 (D) in lung tissue were measured using real-time quantitative polymerase chain reaction at 24 hours after the last ovalbumin challenge
in 4 groups of mice. Data are shown as the ratio of gene expression compared with 82 microglobulin, except for (C), which shows the ratio of T-bet to
GATA-3 expression. Bars show the mean of 8-10 mice in each group; whiskers show SEM. SAL indicates saline control; OVA, ovalbumin control; AAV,
adeno-associated virus vector; AAV-T-bet, adeno-associated virus vector containing the T-bet gene. Asterisks (*) indicate P < .05 compared with the saline
control group; #, P <.05 compared with the AAV-T-bet-treated group. Comparable results were obtained in 3 separate experiments.

treated mice (64.54 [1.45] pg/mL, P<.05). In contrast to T,,2
cytokines, IFN-y levelsin BAL fluid from OVA control mice
(54.67 [1.55] pg/mL) were lower than in the saline control
group (130.20 [1.58] pg/mL, P<.05), but were increased in
AAV-T-bet-treated mice (108.48 [1.38] pg/mL) compared
with OVA control or AAV control mice (63.87 [1.45] pg/mL,
P <.05). Administration of AAV-T-bet decreased the levels of
total IgE (109.63 [1.48] ng/mL) and OVA-specific IgE (15.41
[2.58] ng/mL) in serum, and the difference was statistically
significant (P<.05, Table 2).

Effects of AAV-T-bet on Transcription Factor mRNA
Expression

Real-time quantitative PCR was used to measure lung
tissue MRNA expression of Ty-associated transcription
factors 24 hours after the last OVA inhalation. In lung tissue,
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the ratio of T-bet to R2MG mRNA was lower in OVA control
(0.14[0.11]) and AAV control (0.08 [0.07]) mice than in the
saline control group (0.82[0.18], P<.05). After treatment with
AAV-T-bet, the T-bet MRNA levels increased significantly
(0.65[0.29], P<.05, Figure 3A). Also, higher mRNA levels of
GATA3 inthelung were detected in OVA control (3.70[1.25])
and AAV control (3.79[0.95]) mice than in the saline control
group (1.63 [0.97], P<.05). However, GATA3 mRNA levels
decreased to near normal levels after intranasal delivery of
AAV-T-bet (1.67[0.93], P<.05, Figure 3B). Theratio of T-bet/
[2MG versus GATA3/32MG was similar to the results of T-bet
mMRNA levels for each group, ie the ratio was lower in OVA
control (0.04[0.04]) and AAV control mice (0.02 [0.02]) than
inthe saline control group (0.68[0.37], P<.05), and recovered
inAAV-T-bet-treated mice (0.40[0.16], P<.05, Figure 3C). As
for the expression of T-bet, mMRNA levels of Foxp3 werelower

J Investig Allergol Clin Immunol 2008; Vol. 18(5): 357-365
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in OVA control (0.07 [0.04]) and AAV control (0.06 [0.04])
groups than in saline control mice (0.65 [0.37], P<.05). But
the levels increased significantly in the AAV-T-bet-treated
group (0.54 [0.25], P<.05, Figure 3D).

Analysis of the Correlation Between Cytokine and
Transcription Factor Expression

The correlations between expression of cytokines and
transcription factorswere examined by cal cul ation of Pearson
correlation coefficients. In the AAV-T-bet-treated group, the
IFN-ylevel in BAL fluid was positively correlated with mRNA
expression of T-bet in lung tissue (r = 0.76, P<.05), and IL-4
concentration was a so positively correlated with lung mRNA
levels of GATA3 (r =0.81, P<.05 ). However, there were
negative correlations between IFN-y and IL-4 (r =-0.79,
P <.05) and between T-bet and GATA3 (r = -0.77, P<.05).

Discussion

The purpose of this study was to explore the effect of
intranasal delivery of T-bet by AAV-T-bet on the differentiation
of Ty cell subsets in a mouse model of allergic airway
inflammation. We demonstrated that more inflammatory
cells, including macrophages, lymphocytes, and eosinophils,
infiltrated the lung in OVA control mice. The serum levels of
total and OVA-specific IgE and airway mucus secretion were
increased after allergen inhalation in sensitized mice, findings
which were consistent with a Ty2-dominated transcription
factor (GATA3) and cytokine (IL-4, IL-5) profile. Intranasal
application of 1.5 x 10° vg AAV-T-bet twice beforeinhalation
challenge abrogated the imbalance of T2 response in vivo
including overproduction of the Ty2 cell signature cytokine
IL-4 and the specific transcription factor GATA3, while the
Twl signature cytokine IFN-y and specific transcription
factor T-bet showed opposite changes. At the same time, the
expression of Foxp3 mRNA wasincreased, and inflammatory
cell infiltration of the airway and mucus gland hypersecretion
wereinhibited. In addition, repeated AAV-T-bet administration
aso significantly decreased serum levels of total and OVA-
specific IgE.

The gene TBX21 (GenBank accession No. NM-013351)
encodes T-bet, whichisaTy1 cell-specific transcription factor
and shows the ability to direct T2 cellsto aTyl lineage [15].
It is now clear that IFN-y and IL-4 play important roles in
the differentiation of Tyl and T2 cells by controlling the
expression of T-bet and GATA3 [5,16]. T-bet and GATA3
interact with each other, and their production is induced by
IFN-y and IL-4 through feedback loops [17]. Specifically,
T-bet promotes a Ty 1 response by inducing the production of
IFN-y and inhibiting 1L-4 and IL-5 expression [5,10,18,19].
At the sametime, GATA3 promotes a T2 response through 3
different mechanisms: induction of T2 cytokine production,
selective growth of T2 cells, and inhibition of T-bet [20].
Moreover, T-bet knock-out mice manifest multiple pathologica
and inflammatory features of asthma, suggesting that the T-bet
deficiency itself may induce allergic asthma in the absence
of allergen [10]. With the administration of AAV-T-bet in the
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murine model of alergic airway inflammation in the present
study, we discovered that thelevelsof IFN-yand IL-4in BAL
fluid were positively correlated with mRNA expression of T-bet
and GATAS3, respectively, inthelung, and therewas anegative
correlation between IFN-y and IL-4 and between T-bet and
GATA3. These findings suggest that the secretion of 1L-4 and
IFN-y was controlled by T-bet and GATAS3, respectively. Our
findings also indicate that intranasal delivery of AAV-T-bet
before allergen challenge potently activated the expression of
IFN-y, increased Tyl cell number and/or activity, decreased
Tw2 cytokine production and corrected the T,2-biased immune
response.

Although the exact biological mechanism underlying the
regulatory role of T-bet remains to be elucidated, previous
studies demonstrated that retroviral transfection of T-bet in
primary T cellsor devel oping T2 cellsresulted in activation of
I FN-y production, whereasmicelacking T-bet failed to develop
Tyl cellsand displayed adramatic reduction of IFN-y production
by CD4* T cells [15]. Overexpression of T-bet by retroviral
genetransductioninprimary T cellsisreported to be sufficient
to induce IFN-y production by chromatin remodeling at the
IFN-y gene locus and direct transactivation of the IFN-y gene
promoter inan IL-12-independent fashion [5,7]. Recent reports
have shown that IFN-yisacutely regulated by T-bet activity and
isadirect gene target of T-bet [21], as well as demonstrating
that the principal function of T-bet in developing T.1 cells
is to negatively regulate GATA3 expression rather than to
positively regulate the expression of IFN-y [22]. Additional
studies showed that T-bet could be expressed in dendritic
cells at levels comparable to thosein Tyl cellsand that it was
necessary for the optimal production of IFN-y and optimal
activation of antigen-specific Tyl cells [23,24]. Hence, it is
not inconceivabl e that intranasal administration of AAV-T-bet
may deliver T-bet to Ty, cells and dendritic cells of the airway
and blood in our mouse model of alergic airway inflammation
and eventually induce a T1 response.

Although treatment with AAV-T-bet restored the T,/ T2
balance and suppressed airway inflammation, the signature
cytokine of Tyl cells, IFN-y, has a stimulatory role in
inflammation. To address why an enhanced T,,1 response did
not aggravate airway inflammation and whether transfer of
T-bet can induce an enhanced immune response, we measured
the mRNA levels in lungs of Foxp3, which is a specific
transcription factor in regulatory T (Treg) cells. It has been
reported that Treg cells are a subpopulation of suppressor
T cells, and they have recently gained attention since they
appear to play akey rolein the maintenance of immunological
balance [25]. It was reported that allergen-specific Treg
cells were thought to be present at a higher frequency in
nonallergic individuas than in alergic patients and that this
was responsible for downregulating immune responses at
the level of the effector T cells, either through regulation of
IL-2 production or through modulating the expression of IL-
10, CTLA-4, or transforming growth factor 3 [26,27]. Our
experimental results showed that levels of Foxp3 expression
werelower inthemodel of alergic airway inflammation thanin
saline control mice. After administering AAV-T-bet, wefound
that levels of Foxp3 were clearly increased. This suggeststhat
genetransfer of T-bet induced the expression of Foxp3 and the
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activity of Treg cells, and that this prevented an excessive Tyl
immune response.

Ininitial studiesof Foxp3, CD4'CD25' T cellswere usually
considered the only cell subpopulation that expressed Foxp3.
Recent studies have shown that Foxp3isalso expressedin T, 1-
likecellsor Ti2-likecells[28,29]. Ty1-like cell expressed both
T-bet and Foxp3, while Ty2-like cell expressed both GATA3
and Foxp3. These cellsfunction asboth Ty1/T,2 cellsand are
involved in immunosuppression, as well as playing arolein
the maintenance of peripheral tolerance. Thus, further studies
will be required to determine whether transcription-factor
feedback loopsinduced differentiation of Ty1-like cellsor the
transfer of T-bet induced the differentiation of Treg cellswhile
promoting Tyl cell differentiation.

In the present study, we observed that administration of
AAV-T-bet decreased bronchial eosinophilic inflammation and
the levels of total and OVA-specific serum IgE in amodel of
alergic airway inflammation. We attributed those phenomena
to lessened production of IL-5 and IL-4 in bronchi and lungs
from mice treated with AAV-T-bet. Indeed, circulating IL-5
is one of the major stimuli for differentiation of eosinophils
and migration of eosinophils toward the airways [30].
Previous studies have reported that eosinophil infiltration
could cause exacerbations of asthma. One possible cause was
that eosinophil-derived fibrogenic factors and growth factors
amplified airway remodeling and associated mucus production
relatively rapidly, and then accelerated disease progression [31].
Furthermore, IL-4, together with the related cytokine IL-
13, is important for isotype switching of B lymphocytes to
secrete IgE, the characteristic antibody that underlies atopy,
and serum level of IgE is generally used as a marker for in
vivo IL-4 activity. Therefore, we suggest that administration
of AAV-T-bet reduced the production of IgE by suppressing
immunoglobulin isotype class switching.

In conclusion, intranasal transfer of T-bet prevented a
Tw2-biased immune response by restoring the Ty 1/ T2 balance
during the challenge phase, resulting in theinhibition of airway
inflammation. These findings suggest that T-bet may represent
a target for the treatment of allergic airway inflammation.
Taken together, our resultsindicate that the devel opment of an
immunomodul ation strategy based on T-bet might shed light on
more effective treatments for allergic airway inflammation.

Acknowledgments
Thiswork wasfunded by grantsfrom the National Natural
Science Foundation of China(30471627). Wethank Jian-Nong

Wu, Min-Liu, Wei-Zhu, Hui-Qian, and Qian-Jiang for their
skillful technical support.

References

1. Desmet C, Gosset P, Henry E, Garze V, Faisca P, Vos N, Jaspar F,
Melotte D, Lambrecht B, Desmecht D, Pajak B, Moser M, Lekeux
P, Bureau F Treatment of experimental asthma by decoy-
mediated local inhibition of activator protein-1. Am J Respir
Crit Care Med. 2005; 172:671-78.

© 2008 Esmon Publicidad

10.

11.

12.

13.

14.

15.

16.

. Nakajima H, Takatsu K. Role of Cytokines in Allergic Airway

Inflammation. Int Arch Allergy Immunol. 2006; 142:265-73.

. Ying S, Humbert M, Barkans J, Corrigan CJ, Pfister R, Menz G,

Larche M, Robinson DS, Durham SR, Kay AB. Expression of IL-
4 and IL-5 mRNA and protein product by CD4+ and CD8+ T
cells, eosinophils, and mast cells in bronchial biopsies obtained
from atopic and nonatopic (intrinsic) asthmatics. J Immunol.
1997;158:3539-44.

. Zheng W, Flavell RA. The transcription factor GATA-3 is

necessary and sufficient for Th2 cytokine gene expression in
CD4+ T cells. Cell 1997; 89:587-96.

. Szabo SJ, Kim ST, Costa GL, Zhang X, Fathman CG, Glimcher

LH. A novel transcription factor, T-bet, directs Thl lineage
commitment. Cell. 2000;100:655-69.

. Afkarian, M, Sedy JR, Yang J, Jacobson NG, Cereb N, Yang SY,

Murphy TL, Murphy KM. T-bet is a STAT1-induced regulator
of IL-12R expression in naive CD4+T cells. Nat. Immunol.
2002;3:549 -57.

. MullenAC, High FA, Hutchins AS, Lee HW, Villarino AV, Livingston

DM, Kung AL, Cereb N, Yao TP, Yang SY, Reiner SL. Role of T-bet
in commitment of TH1 cells before IL-12-dependent selection.
Science. 2001;292:1907-10.

. Ouyang W, Ranganath SH, Weindel K, Bhattacharya D, Murphy

TL, Sha WC, Murphy KM. Inhibition of Thl development
mediated by GATA-3 through an IL-4-independent mechanism.
Immunity. 1998;9:745-55.

. Farrar JD, Ouyang W, Lohning M, Assenmacher M, Radbruch A,

Kanagawa O, Murphy KM. An instructive component in T helper
cell type 2 (Th2) development mediated by GATA-3. J Exp Med.
2001;193:643-50.

Finotto S, Neurath MF, Glickman J N, Qin S, Lehr H A, Green F
H, Ackerman K, Haley K, Galle PR, Szabo, SJ. Development of
spontaneous airway changes consistent with human asthma in
mice lacking T-bet. Science. 2002;295:336-8.

Suoying Wang, Huaxi Xu, Shengjun Wang, Xinxiang Huang,
Wenbing Wang. Construction of recombinant adeno-associated
virus vector expressing specific transcription factor T-bet gene
of murine T helper 1 type cells. Acta Universitatis Medicinalis
Nanjing. 2006;26:184-9.

Lommatzsch M, Julius P, Kuepper M, Garn H, Bratke K,
Irmscher S, Luttmann W, Renz H, Braun A, Virchow JC. The
course of allergen-induced leukocyte infiltration in human and
experimental asthma. J Allergy Clin Immunol. 2006;118:91-7.
Lassance RM, Passaro CP, Martini SV, Castiglione RC, Gutierrez
TM, Abreu SC,Antunes MA, Xisto DG, Cebotaru L, Petrs-Silva
H, Zin WA, Guggino WB, Linden R,Rocco PR, Morales MM.
Does the use of recombinant AAV2 in pulmonary gene therapy
damage lung function? Respir Physiol Neurobiol. 2007 Sep 14;
[Epub ahead of print]

Myou S, Leff AR, Myo S, Boetticher E, Tong J, Meliton AY,
Liu J, Munoz NM, Zhu X. Blockade of inflammation and
airway hyperresponsiveness in immune-sensitized mice by
dominant-negative phosphoinositide 3-kinase-TAT. J Exp Med.
2003;198:1573-82.

Mullen AC, High FA, Hutchins AS, Lee HW, Villarino AV, Livingston
DM, Kung AL, Cereb N, Yao TP, Yang SY, Reiner SL. Role of T-bet
in commitment of TH1 cells before IL-12-dependent selectionl.
Science. 2001, 292:1907-10.

Seki N, Miyazaki M, Suzuki W, Hayashi K, Arima K, Myburgh

J Investig Allergol Clin Immunol 2008; Vol. 18(5): 357-365



365

SY Wang, et a

E, lzuhara K, Brombacher F, Kubo M. IL-4-induced GATA-3 26. Akdis M, Verhagen J, Taylor A, Karamloo F, Karagiannidis C,
expression is a time-restricted instruction switch for Th2 cell Crameri R, Thunberg S, Deniz G, Valenta R, Fiebig H, Kegel
differentiation. J Immunol. 2004;172:6158-66. C, Disch R, Schmidt-Weber CB, Blaser K, Akdis CA. Immune

17. Hwang ES, Szabo SJ, Schwartzberg PL, Glimcher LH. T helper responses in healthy and allergic individuals are characterized
cell fate specified by kinase-mediated interaction of T-bet with by a fine balance between allergen-specific T regulatory 1 and
GATA-3. Science. 2005;307:430-33. T helper 2 cells. J Exp Med. 2004;199:1567-75.

18. Hohler T, Reuss E, Adams P, Bartsch B, Weigmann B, Worns 27. Jutel M, Akdis M, Budak F, Aebischer-Casaulta C, Wrzyszcz
M, Galle PR, Victor A, Neurath MF. A genetic basis for IFN- M, Blaser K, Akdis CA. IL-10 and TGF-beta cooperate in the
gamma production and T-bet expression in humans. J Immunol. regulatory T cell response to mucosal allergens in normal
2005;175: 5457-62. immunity and specific immunotherapy. Eur J Immunol.

19. Yates A, Callard R, Stark J. Combining cytokine signalling with 2003;33:1205-14.

T-bet and GATA-3 regulation in Th1 and Th2 differentiation: a 28. Ziegler SF. FOXP3. not just for regulatory T cells anymore. Eur J
model for cellular decision-making. J Theor Biol. 2004;231:181- Immunol. 2007;37:21-3.
96. 29. Stock P, Akbari O, Berry G. Induction of T helper type 1-like

20. Zhu J, Yamane H, Cote-Sierra J, Guo L, Paul WE. GATA-3 regulatory cells that express Foxp3 and protect against airway
promotes Th2 responses through three different mechanisms: hyper-reactivity. Nat. Immunol. 2004; 5:1149-56.
induction of Th2 cytokine production, selective growth of 30. Rothenberg ME, Hogan SP. The eosinophil. Annu Rev Immunol.
Th2 cells and inhibition of Th1 cell-specific factors. Cell Res. 2006;24:147-74.
2006;16:3-10. 31. Phipps S, Benyahia F, Ou TT, Barkans J, Robinson DS, Kay AB.

21. Matsuda JL, George TC, Hagman J, Gapin L. Temporal dissection Acute allergen-induced airway remodeling in atopic asthma.
of T-bet functions. J Immunol. 2007;178:3457-65. Am J Respir Cell Mol Biol. 2004;31:626-32.

22. Usui T, Preiss JC, Kanno Y, Yao ZJ, Bream JH, O’Shea JJ, Strober
W. T-bet regulates Th1 responses through essential effects on
GATA-3 function rather than on IFNG gene acetylation and
transcription. J Exp Med. 2006;203:755-66. I Manuscript received October 1, 2007; accepted for

23. Lugo-Villarino G, Maldonado-Lopez R, Possemato R, Penaranda publication February 7, 2008.

C, Glimcher LH. T-bet is required for optimal production of IFN-
gamma and antigen-specific T cell activation by dendritic cells.

Proc Natl Acad Sci U S A. 2003 ;100:7749-54. |
24. Wang J, Fathman JW, Lugo-Villarino G, Scimone L, von Andrian
U, Dorfman DM, Glimcher LH. Transcription factor T-bet regulates
inflammatory arthritis through its function in dendritic cells. J
Clin Invest. 2006 ;116:414-21.
25. Jonkers RE, van der Zee JS. Anti-IgE and other new
immunomodulation-based therapies for allergic asthma. Neth J
Med. 2005;63:121-8.

Prof Hua-Xi Xu

Institute of Clinical Laboratory Science
Jiangsu University

School of Medical Technology
301%Xuefu Road, Zhenjiang 212013
Jiangsu Province, China

E-mail: xuhx56@yahoo.com.cn

J Investig Allergol Clin Immunol 2008; Vol. 18(5): 357-365 © 2008 Esmon Publicidad



