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1 To clarify the involvement of Th2 responses in the development of allergen-induced airway
remodelling, we investigated the e�ect of anti-CD4 monoclonal antibody (mAb) and anti-CD8 mAb,
and the responses of IL-4 gene-knockout (KO) mice in a murine model of allergic asthma.

2 Mice were immunized twice by intraperitoneal injections of ovalbumin (OA), and exposed to
aeroallergen (OA, 1% w v71) for 3 weeks. Twenty-four hours after the ®nal challenge, airway
responsiveness to acetylcholine was measured, and bronchoalveolar lavage (BAL) and histological
examinations were carried out.

3 Anti-CD4 mAb (1 mg kg71) clearly inhibited allergen-induced increases in airway responsiveness
to acetylcholine, the number of eosinophils in BAL ¯uid, serum OA-speci®c IgE levels, IL-13 and
transforming growth factor-b1 levels in BAL ¯uid, and amount of hydroxyproline in the lung by
100, 99, 100, 100, 84, and 60%, respectively. Furthermore, the antibody (1 mg kg71) also attenuated
allergen-induced goblet cell hyperplasia in the epithelium and subepithelial ®brosis by 72 and 83%,
respectively. In contrast, anti-CD8 mAb (1 mg kg71) showed no e�ect on each parameter.
Furthermore, all these parameters were attenuated in IL-4KO mice by 57, 93, 100, 45, 84 and 60%,
and also 72 and 83%, respectively.

4 These ®ndings suggest that Th2 responses play a critical role for the development of allergen-
induced airway remodelling, and that the inhibition of Th2 responses, e.g. using anti-CD4 mAb, is a
therapeutic approach for the treatment of airway remodelling in asthma.
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Introduction

Bronchial asthma has been suggested to be a reversible
disorder, characterized by variable air¯ow limitation, airway
eosinophilic in¯ammation and airway hyperresponsiveness
(AHR) (Djukanovic et al., 1990), however, some patients

with asthma have been shown to have irreversible changes in
lung function (Brown et al., 1984; Je�ery et al., 1992; Wilson,
1998), despite appropriate and aggressive anti-in¯ammatory

therapy. This was suggested to be the result of structural
changes in the airways that occur as a result of airway
remodelling, which are characterized by goblet cell hyperpla-

sia/hypertrophy, subepithelial ®brosis and smooth muscle
hyperplasia/hypertrophy (Aikawa et al., 1992; Heard &
Hossain, 1973; Roche et al., 1989). Although it was suggested

that airway remodelling is an injury-repair response driven by
variable mediators derived from in¯ammatory cells in the
airways, the precise mechanisms of the development of
airway remodelling are unknown.

To date, several clinical investigations have demonstrated
that CD4+ T lymphocytes were observed in the asthmatic
airways, and T helper type 2 (Th2) cytokines produced by

CD4+ T lymphocytes were suggested to play a central role in
initiating and sustaining asthma responses (Robinson, 2000).
For, example, IL-4 is critical for the commitment of naõÈ ve
CD4+ T cells into the Th2 phenotype, and IL-13, which

shares several biological responses with IL-4, may also be
important to the development of allergic airway eosinophilia
and AHR (de Vries, 1998; Kopf et al., 1993). IL-4 and IL-13

are also required for IgE isotype switching in B cells
(Finkelman et al., 1988; McKenzie et al., 1993). Moreover,
IL-4 and IL-13 also increase airway mucus secretion, which

can exacerbate airway responsiveness (Temann et al., 1997;
Zuhdi Alimam et al., 2000). IL-5 is known to a�ect
eosinophil di�erentiation, maturation and prolongation of

survival, and promote eosinophilic in¯ammation in the
airways (Foster et al., 1996; Lopez et al., 1988; Yamaguchi
et al., 1988), which may be involved in asthmatic responses.
These responses induced by CD4+ T lymphocytes via the

production of Th2 cytokines were suggested to be important
in the pathophysiology in asthma. Recent studies in animal
models of allergic asthma support the involvement of CD4+

T lymphocytes. Shortly, depletion of CD4+ T lymphocytes
by administration of antibody clearly inhibited allergen-
induced airway eosinophilia and AHR (Nakajima et al.,
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1992; Gavett et al., 1994). More recently, Foster et al. (2002)
demonstrated that CD4+ T lymphocytes are critical for the
development of airway epithelial changes and subepithelial

®brosis as well as AHR in a murine model of chronic asthma.
However, the role of Th2 responses in the development of
allergen-induced airway remodelling has not been fully
investigated in vivo.

In the present study, to clarify the role of Th2 responses in
the development of airway remodelling, we investigated the
e�ect of depletion of CD4+ or CD8+ T lymphocytes using

each monoclonal antibody in a murine model of allergic
asthma. Furthermore, we examined the de®ciency of IL-4
using the gene-knockout (KO) mouse.

Methods

Animals

Seven-week-old female BALB/c mice (Japan SLC, Shizuoka,
Japan), 7-week-old female IL-4 KO (Noben-Trauth et al.,
1996; BALB/cJ background, Jackson Laboratory, Bar

Harbor, ME, U.S.A.) and age matched female wild-type
animals (Jackson Laboratory) were used. Experiments were
undertaken following the guidelines for the care and use of

experimental animals of the Japanese Association for
Laboratory Animals Science in 1987.

Agents

The following drugs and chemicals were purchased commer-
cially and used: ovalbumin (OA, Seikagaku Kogyo, Tokyo,

Japan), acetylcholine chloride (ACh, Nacalai Tesque, Inc.,
Kyoto, Japan), bovine serum albumin (BSA, Seikagaku
Kogyo), TuÈ rk solution (Wako Pure Chemical Industries,

Ltd., Osaka, Japan), pancuronium bromide (Sigma, St.
Louis, MO, U.S.A.), sodium pentobarbitone (Abbott Lab.,
Chicago, IL, U.S.A.), disodium ethylenediaminetetraacetic

acid (EDTA-2Na, Nacalai Tesque), Di�-Quick solution
(International Reagent Corp., Ltd., Kobe, Japan), mono-
clonal rat anti-mouse IgE antibody (LO-ME-3, Serotec Co.,
Ltd., Oxford, U.K.), polyclonal goat anti-mouse IgG1

antibody (ST-AR81, Serotec Co. Ltd.), monoclonal rat
anti-mouse IgG2a antibody (LO-MG2a-7, Serotec Co.
Ltd.), peroxidase-conjugated streptavidin (Dakopatts a/s,

Glostrup, Denmark) and hydroxy-L-proline (Nacalai Tes-
que).

Sensitization and antigen challenge

Experiments were performed as reported previously (Tanaka

et al., 2001). Mice were actively sensitized by intraperitoneal
injections of 50 mg OA with 1 mg alum on day 0 and 12.
Starting on day 22, they were exposed to OA (1% w v71

diluted in sterile physiological saline) for 30 min every day

for 3 consecutive weeks. Negative control animals were
injected with saline or OA plus alum and exposed to saline in
a similar manner. Airway responsiveness to Ach, bronch-

oalveolar lavage (BAL) and the measurement of hydroxypro-
line content in right lungs were performed 24 h after the ®nal
antigen challenge.

Treatment of anti-CD4 monoclonal antibody (mAb) and
anti-CD8 mAb

Monoclonal antibodies against mouse CD4 (GK1.5, Amer-
ican Tissue Culture Collection, Manassas, VA, U.S.A.) and
mouse CD8 (2.43, American Tissue Culture Collection) were
puri®ed from ascites by sequential (NH4)2SO4 precipitation

and protein A a�nity chromatography, dialyzed against
phosphate-bu�ered saline (PBS), and kept at 7808C until
use. Either anti-CD4 or -CD8 mAb (0.5 or 1 mg per animal)

was treated by intraperitoneal injection 6 h after every
exposure every fourth day from the day before ®rst antigen
inhalation. Control antibody (rat IgG) was treated in a

similar manner.

Flow cytometric analyses of the depleted CD4+ or CD8+

cells in vivo

Mouse splenocytes were suspended in PBS containing 0.1%
BSA. The cells were incubated with anti-FcgII/III receptor

(Fc BlockTM; rat IgG2b clone 2.4G2, PharMingen, San
Diego, CA, U.S.A.) for 5 min, and then stained with either
phycoerythrin (PE)-conjugated anti-CD4 antibody (L3T4;

rat IgG2a clone RM4-5, PharMingen) or ¯uorescein
isothiocyanate-conjugated anti-CD8 antibody (Ly-2; rat
IgG2a clone 53-6.7, PharMingen) for 30 min at 48C in

the dark. After washing with PBS containing 0.1% BSA
and 0.1% NaN3, the cells were analysed using FACS scan
and LYSIS II software (Becton-Dickinson, San Jose, CA,

U.S.A). The lymphocyte-gated region was determined based
on forward and side scatter signals of control splenocytes
stained with PE-conjugated anti-CD45 (Ly-5/T-200; rat
IgG2b clone 30-F11, PharMingen). Dead cells were

excluded using propidium iodide. For each sample, at
least 10,000 cells in the lymphocytes gated region were
analysed.

Measurement of antigen-specific IgE, IgG1 and IgG2a

At week 3 (day 43), immediately prior to the ®nal antigen
challenge, blood was collected and sera were obtained by
centrifugation and stored at 7808C. Antigen-speci®c IgE in
serum was measured using the enzyme-linked immunosorbent

assay (ELISA) as previously described (Nagai et al., 1997,
Tanaka et al., 2001). Brie¯y, serum OA-speci®c IgE was
measured by coating ¯at-bottom 96-well microtiter plates

(Nunc Immuno-Plate I 96-F, Roskilde, Denmark) with
monoclonal rat anti-mouse IgE antibody (LO-ME-3) at a
concentration of 5 mg ml71. After blocking with 1% BSA,

serum dilutions were incubated for 1 h followed by
biotinylated-OA and peroxidase-conjugated streptavidin.
Serum OA-speci®c IgG1 was measured by coating the

microtiter plates with polyclonal goat anti-mouse IgG1
antibody (ST-AR81). After blocking, serum dilutions were
incubated for 1 h followed by biotinylated-OA and perox-
idase-conjugated streptavidin. Serum OA-speci®c IgG2a was

measured by coating the microtiter plates with OA solution
(20 mg ml71). After blocking, serum dilutions were incubated
for 1 h followed by peroxidase-conjugated monoclonal rat

anti-mouse IgG2a antibody (LO-MG2a-7). Sequentially
diluted monoclonal anti-OA IgE, IgG1 and IgG2a (donated
by Dr M. Kiniwa, Taiho Pharmaceutical Co. Ltd., Saitama,
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Japan) were used as a standard. Optical densities of the
enzymatic reactions were read using an automatic ELISA
plate reader (Multiscan MS, ver 8, Labsystems Oy, Helsinki,

Finland) at 450 nm (reference 690 nm) and analysed using
Deltasoft 3 (Biometallics Inc., Princeton, NJ, U.S.A.). Each
detection limit was 1 ng ml71, 10 mg ml71 and 3 ng ml71,
respectively.

BAL

To evaluate airway in¯ammation, we examined the
accumulation of in¯ammatory cells in BAL ¯uid (BALF).
Experiments were performed according to previously

described methods (Tanaka et al., 2001). Animals were
killed with an intraperitoneal injection of sodium pento-
barbitone (100 mg kg71). The trachea was cannulated and

the left bronchi were tied for histological examination.
Then, the right air lumen was washed four times with 0.5-
ml calcium- and magnesium-free PBS containing 0.1% BSA
and 0.05 mM EDTA-2Na. This procedure was repeated

three times (total volume; 1.3 ml, recovery 485%). BALF
from each animal was pooled in a plastic tube, cooled on
ice and centrifuged (1506g) at 48C for 10 min. Cell pellets

were resuspended in the same bu�er (0.5 ml). BALF was
stained with TuÈ rk solution and the number of nucleated
cells was counted in a Burker chamber. A di�erential count

was made on a smear prepared with a cytocentrifuge
(Cytospin II, Shandon, Cheshire, U.K.) and stained with
Di�-Quick solution (based on standard morphologic

criteria) of at least 300 cells (magni®cation6500). The
supernatant of BALF was stored at 7308C for determina-
tion of cytokine production.

Cytokine levels in BALF

The amount of cytokine in the supernatant of BALF was

measured using ELISA (Endogen Inc., Woburn, MA,
U.S.A. for interferon-g (IFN-g); R&D Systems Inc.,
Minneapolis, MN, U.S.A. for IL-13). The transforming

growth factor (TGF)-b1 content in BALF was also
measured using ELISA (Genzyme Tecne, Minneapolis),
which can detect mouse TGF-b1 protein, because of the
high homology of TGF-b1 across species. The assay detects

only the active form of TGF-b1. Each sample was activated
before measuring according to the manufacturer's recom-
mendations. The detection limit of each kit was 10 pg ml71

for IFN-g, 1.5 pg ml71 for IL-13, or 7 pg ml71 for TGF-b1,
respectively.

Measurement of hydroxyproline content in right lungs

Whole collagen content of the right lung was evaluated by

determining hydroxyproline contain as described previously
(Tanaka et al., 2001). Brie¯y, after recovery of BALF, the
right lung lobes were removed and cut into sections (1 mm
thick). The chopped lungs were dried with acetone. Then,

the dried lung samples were hydrolyzed with 2 ml of 6 N
HCl at 1208C for 24 h in sealed glass tubes. The amount
of hydroxyproline in the hydrolysate was measured

according to Kivirikko et al. (1967). Authentic hydroxypro-
line (hydroxy-L-proline) was used to establish a standard
curve.

Measurement of airway function

Measurement of bronchial responsiveness to intravenous

ACh was performed as previously described (Nagai et al.,
1997; Tanaka et al., 2001). Brie¯y, to measure airway
responsiveness to ACh, mice were anaesthetized with sodium
pentobarbitone (60 mg kg71, i.p.) and the jugular vein was

cannulated for intravenous injection of acetylcholine. Mice
were injected with pancuronium bromide (0.1 mg kg71, i.v.)
to stop spontaneous respiration, and animals were ventilated

with a rodent ventilator (New England Medical Instruments
Inc., Medway, MA, U.S.A). Bronchoconstriction was
measured according to the over¯ow method, using a

bronchospasm transducer (Ugo Basil 7020, Milan, Italy)
connected to the tracheal cannula. To measure airway
responsiveness to ACh, changes in respiratory over¯ow

volume were measured using increasing doses of ACh. The
increase in respiratory over¯ow volume induced by ACh was
represented as a percentage of the maximal over¯ow volume
(100%) obtained by clamping the tracheal cannula. The area

under the curve (AUC) calculated from dose-response curves
for ACh are expressed as a magnitude of AHR. Brie¯y, each
dose was converted logarithmically, and then AUC was

calculated and represented as arbitrary units (Tanaka et al.,
2001).

Histological study

The left lungs were distended with 10% bu�ered formalin via

the trachea (10 cm H2O) for 30 min, and then excised and
immersed in the fresh ®xative for 24 h. Tissues were sliced
and embedded in para�n, and 6 mm sections were stained
with periodic acid-Schi� (PAS) and Masson-Trichrome for

light microscopy examination.
Examination of goblet cell hyperplasia was carried out

using a method previously described by Padrid et al. (1995)

with a slight modi®cation (Tanaka et al., 2001) using a Leica
image analysis system (Leica, Cambridge, U.K.). Brie¯y, two
to four specimens of the PAS-stained histological prepara-

tions of the left lobe, in which the total length of the
epithelial basement membrane of the bronchioles were 1.0 ±
2.5 mm, were selected and the pathological changes were
evaluated according to the modi®ed 5-point scoring system

(Tanaka et al., 2001) using the Leica microscope (620
objectives). The preparations, in which the maximum internal
diameter of the bronchioles were 2 fold or greater as large as

the minimum internal diameter, were not used for analysis.
The hyperplasia of the goblet cells in the epithelial lining was
expressed by a score according to the percentage of the goblet

cells in the epithelial cells. To minimize sampling errors, the
5-point scoring system (grade 0 ± 4) (Tanaka et al., 2001) was
adopted: grade 0 (no goblet cells); grade 1, 525%; grade 2,

25 ± 50%; grade 3, 50 ± 75%; grade 4, 575%. The mean score
of the total epithelial cells in two to four preparations of one
mouse were counted. The mean scores of hyperplasia of the
goblet cells were calculated in ®ve to six animals.

Masson-trichrome stained sections were used for assess-
ment of subepithelial ®brosis using a Leica image analysis
system (Leica). As described above, two to four specimens of

the Masson-trichrome -stained histological preparations of
the left lobe, in which the total length of the epithelial
basement membrane of the bronchioles was 1.0 ± 2.5 mm,
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were selected and the ®brotic area (stained in blue) beneath
the basement membrane was measured. The mean score of
the ®brotic area divided by basement membrane length in

two to four preparations of one mouse were calculated, then,
the mean scores of subepithelial ®brosis were calculated in
®ve to six animals.

Statistical analysis

Values are presented as the mean with standard error.

Statistical signi®cance between two groups was estimated
using the two-tailed Student's t-test or the Mann ±Whitney
U-test after the variances of the data were evaluated with F-

test. To de®ne statistically signi®cant di�erences among
control animals and mAb treated animals, the data was
subjected to Bartlett's analysis followed by a parametric or a

non-parametric Dunnett's multiple range test. Spearman's
correlation test was used to analyse for correlation between
the cytokine productions in BALF, goblet cells hyperplasia
and subepithelial ®brosis. P values less than 0.05 were

considered to be signi®cant.

Results

Expression of CD4 and CD8 on splenocytes after their
Abs treatment in vivo

To con®rm the depletion of CD4+ or CD8+ T lymphocytes
in vivo, we examined their expression in splenocytes prepared
from the mice 1 to 4 days after their Abs treatment using
¯ow cytometric analyses.

Splenocytes of normal mice showed 31.5+2.1% and
13.2+1.8% of CD4 and CD8 positive cells, respectively
(n=4). In contrast, the percentages of each population were

clearly decreased 24 h after the treatment of each mAb (1.3+
0.5% for CD4+ and 0.4+0.2% for CD8+, respectively). The
e�ects persisted for at least 4 days after their treatment (data

not shown). Control antibody (rat IgG) had no e�ect on the
expression of each population (data not shown). Therefore,
mice were treated with their mAbs every fourth day from the
day before ®rst antigen inhalation.

Effect of anti-CD4 mAb or anti-CD8 mAb on allergen-
induced AHR, airway eosinophilia, IgE production in
serum, cytokine production in BALF

To investigate the role of CD4+ or CD8+ T lymphocytes in

the onset of allergen-induced AHR, in¯ammatory in®ltrates
in the airway, IgE production and Th1/Th2 cytokine balance,
we examined the e�ect of anti-CD4 or anti-CD8 mAb

treatment in this model. As shown in Figure 1, repeated
antigen challenge induced increases in airway responsiveness
to ACh, the number of eosinophils in BALF, serum antigen-
speci®c IgE production, IL-13 production in BALF and the

decreases in IFN-g production in BALF compared with those
in saline-inhaled mice. In contrast, the systemic treatment of
anti-CD4 mAb during antigen inhalation clearly inhibited all

these responses in a dose-dependent manner, whereas the
administration of anti-CD8 mAb showed no e�ect on these
parameters.

The effect of depletion of CD4+ or CD8+ T lymphocytes
on allergen-induced airway remodelling

To investigate the role of CD4+ or CD8+ T lymphocytes in

the development of allergen-induced airway remodelling, we
examined the histological changes in the airways, TGF-b1
production in BALF and the amount of hydroxyproline

content, which is an amino acid speci®cally consisting of
collagen, in the right lung tissue 24 h after the ®nal antigen
challenge. Figure 2 shows the representative sections of each
group stained with PAS for detection of goblet cells (Figure 2

A±D) and stained with Masson-Trichrome for detection of
connective tissue (Figure 2E ±H). The quantitative ®ndings of
the histological examination, TGF-b1 production and the

amount of hydroxyproline in each group are shown in Table
1. As shown in Figure 2 and Table 1, OA-exposed mice
showed severe goblet cell hyperplasia compared with saline-

Figure 1 E�ect of anti-CD4 monoclonal antibody (mAb) (GK1.5)
or anti-CD8 mAb (2.43) on allergen-induced airway hyperrespon-
siveness to acetylcholine, the increases in the numbers of eosinophils
in bronchoalveolar lavage ¯uid (BALF), serum antigen-speci®c IgE
level, IL-13 production in BALF and the decrease in interferon-g
production in BALF in sensitized BALB/c mice. Values represent the
mean with standard error of ®ve to six mice in each group. Sal,
saline-exposed; OA, ovalbumin-exposed; aCD4, anti-CD4 mAb-
treated (0.5 mg or 1 mg per animal, i.p.); aCD8, anti-CD8 mAb-
treated; PBS, phosphate-bu�ered saline-injected; Rat IgG, control
Ab-injected (1 mg per animal, i.p.); AUC, area under the curve for
the dose-response to acetylcholine (range: 31.25 ± 2000 mg kg71);
N.D., not detected. *P50.05, **P50.01, ***P50.001 (vs saline-
inhaled group); {P50.05, {{P50.01 (vs ovalbumin-inhaled, rat IgG-
treated group).
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exposed animals (Figure 2A vs B). In contrast, the depletion
of CD4+ T lymphocytes clearly prevented the goblet cell
hyperplasia, while the depletion of CD8+ T lymphocytes

showed no e�ect on the epithelial changes (Figure 2C,D, and
Table 1).
TGF-b1 is known to be a ®brogenic factor. We measured

the level in BALF, and evaluated the extent of subepithelial

®brosis using morphological examination and quantitative
analyses. Repeated antigen inhalation caused the increases in
TGF-b1 production in BALF and marked subepithelial

®brosis, observed beneath the basement membrane of the

bronchi and peripheral bronchiole compared with saline-
inhaled mice (Figure 2F vs E and Table 1). Treatment of
anti-CD4 mAb prevented the increases in TGF-b1 produc-

tion and the development of subepithelial ®brosis, whereas
the depletion of CD8+ T lymphocytes had no e�ect (Figure
2G vs H). These results were con®rmed by the ®ndings in
®brotic area around the airways and the amount of

hydroxyproline in the right lung tissue (Table 1).

Effect of IL-4 gene deficiency on allergen-induced AHR,
airway eosinophilia, IgE production in serum, cytokine
production in BALF

To investigate the role of IL-4 in the onset of allergen-
induced AHR, in¯ammatory in®ltrates in the airway, IgE
production and Th1/Th2 cytokine balance, we examined the

e�ect of IL-4 gene de®ciency using IL-4 KO mice compared
with wild-type (BALB/cJ) mice. As shown in Figure 3,
repeated antigen challenge in sensitized wild-type mice
induced increases in airway responsiveness to ACh, the

number of eosinophils in BALF, serum antigen-speci®c IgE
production, IL-13 production in BALF and the decreases in
IFN-g production in BALF compared with those in saline-

inhaled mice. In contrast to antigen-inhaled wild-type mice,
all these responses were signi®cantly attenuated in IL-4 KO
mice. Furthermore, antigen challenge induced a marked

increase in serum antigen-speci®c IgG1 (Th2 responses in
mice) in wild-type mice (3.00+0.32 mg ml71), however, the
production was also signi®cantly reduced in IL-4 KO mice

(0.50+0.04 mg ml71), whereas the level of serum antigen-
speci®c IgG2a (Th1 response in mice) in IL-4 KO mice
(33.8+4.9 mg ml71) was markedly increased compared with
those in wild-type mice (0.07+0.02 mg ml71).

The effect of IL-4 gene deficiency on allergen-induced
airway remodelling

Figure 4 shows the representative sections of each group
stained with PAS for detection of goblet cells (Figure 4A ±D)

and stained with Masson-Trichrome for detection of
connective tissue (Figure 4E ±H). The quantitative ®ndings
of the histological examination, TGF-b1 production and the
amount of hydroxyproline in each group are shown in Table

2.
As shown in Figure 4 and Table 2, OA-exposed wild-type

showed severe goblet cell hyperplasia compared with saline-

exposed wild-type animals (Figure 4A vs B). In contrast,

Figure 2 Histological analysis of lung sections stained with periodic
acid-Schi� (A ±D) and with Masson-trichrome (E ±H) 24 h after the
®nal antigen challenge (650) in sensitized BALB/c mice. (A and E)
Rat IgG-injected saline-exposed animal; (B and F) rat IgG-injected
ovalbumin-exposed animal; (C and G) anti-CD4 monoclonal anti-
body (mAb) (GK1.5)-treated ovalbumin-exposed animal; (D and H)
anti-CD8 mAb (2.43)-treated ovalbumin-exposed animal. Scale bar
100 mm.

Table 1 E�ect of anti-CD4 mAb and anti-CD8 mAb on allergen-induced airway remodelling in sensitized BALB/c mice

Sensitization/ Goblet cell hyperplasia Fibrotic area TGF-b1 Hydroxyproline
Treatment inhalation (arbitrary unit) (area BM-1) (pg ml71) (mg lung71)

PBS OA/Saline 0.33+0.11 0.71+0.10 17.1+3.3 111.7+2.8
PBS OA/OA 2.67+0.17b 3.08+0.21a 265.3+139.0a 158.1+6.7a

Rat IgG OA/Saline 0.17+0.17 0.85+0.09 12.9+1.7 106.1+2.7
Rat IgG OA/OA 2.58+0.44a 2.50+0.28a 149.1+21.8a 158.4+11.9a

aCD4 0.5 mg OA/OA 0.75+0.21d 0.98+0.33c 45.3+22.2 128.6+5.5c

aCD4 1 mg OA/OA 0.25+0.17d 0.88+0.18d 19.4+1.3d 127.0+4.7c

aCD8 0.5 mg OA/OA 2.75+0.11 2.31+0.42 166.0+43.1 164.3+8.3
aCD8 1 mg OA/OA 2.33+0.40 2.03+0.32 141.1+22.7 158.9+12.6

Values represent the means+s.e.mean of ®ve to six animals in each group. aP50.01, bP50.001 (vs OA/Saline group), cP50.05,
dP50.01 (vs Rat IgG OA/OA).
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marked decreases in the number of goblet cells lining the

epithelium was observed in OA-exposed IL-4 KO mice
compared with those of wild-type mice (Figure 4B vs D,
and Table 2).

Repeated antigen inhalation in sensitized wild-type mice
also caused the increases in TGF-b1 production in BALF
and marked subepithelial ®brosis compared with saline-

inhaled mice (Table 2 and Figure 4F vs E). In contrast,
these ®brotic changes were clearly attenuated in antigen-
inhaled IL-4 KO mice compared with those in wild-type mice

(Figure 4H vs F). These results were con®rmed in Table 2.

Relation between Th1/Th2 balance and airway
remodelling

Finally, we examined the relation between Th1/Th2 balance
and airway remodelling in each experiment.

The production of IL-13 in BALF was signi®cantly
correlated with goblet cell hyperplasia and subepithelial
®brosis in each experiment (r=0.581/0.594, P50.001 in the

experiment using antibodies; r=0.623/0.710, P50.001 in the
experiment using IL-4 KO mice). In contrast, a signi®cant
negative correlation between IFN-g production and airway

remodelling was observed only in the experiment using IL-4
KO mice (r=70.699/70.659, P50.001). Furthermore, in
each experiment, there were signi®cant correlations between
goblet cell hyperplasia and subepithelial ®brosis (r=0.616,

P50.001 in the experiment using antibodies; r=0.892,
P50.001 in the experiment using IL-4 KO mice).

Discussion

In the present study, we investigated the role of Th2
responses in the development of airway remodelling using
anti-CD4 mAb and IL-4 KO mice in a murine model of
allergic asthma. First, we investigated the role of the T cell

subset in the development of airway remodelling using anti-
CD4 or anti-CD8 mAb. As a result, the development of
airway remodelling was dependent on CD4+ T cells

associated with the increase in Th2 cytokine production
and the decrease in Th1 cytokine production. Moreover, the
airway remodelling was rarely observed in IL-4 KO mice,

suggesting that the airway remodelling was developed
dependently on augmented Th2 responses. These ®ndings
demonstrated that Th2 responses induced by CD4+ T cells

Figure 3 E�ect of IL-4 gene de®ciency on allergen-induced airway
hyperresponsiveness to acetylcholine, the increases in the numbers of
eosinophils in bronchoalveolar lavage ¯uid (BALF), serum antigen-
speci®c IgE level, IL-13 production in BALF and the decrease in
interferon-g production in BALF in BALB/cJ mice. Values represent
the mean with standard error of ®ve to six mice in each group. NS,
non-sensitized; Saline, saline-exposed; OA, ovalbumin-exposed; AUC,
area under the curve for the dose-response to acetylcholine (range:
31.25 ± 2000 mg kg71); N.D., not detected. **P50.01, ***P50.001
(vs saline-inhaled group); #P50.05 (vs non-sensitized group);
{{P50.01, {{{P50.001 (vs ovalbumin-inhaled wild-type animals).

Figure 4 Histological analysis of lung sections stained with periodic
acid-Schi� (A±D) and with Masson-trichrome (E ±H) 24 h after the
®nal antigen challenge (650) in IL-4 gene knockout (KO) mice or
wild-type (BALB/cJ) mice (650). (A and E) Saline-exposed wild-type
mice; (B and F) ovalbumin-exposed wild-type mice; (C and G) saline-
exposed IL-4 KO mice; (D and H) ovalbumin-exposed IL-4 KO
mice. Scale bar 100 mm.
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play an important role in the development of allergen-
induced epithelial change and subepithelial ®brosis in a
murine model of allergic asthma.

The treatment of anti-CD4 mAb during allergen challenge
completely prevented the increased level of IL-13 in BALF
compared with the control Ab-treated group. In addition,
antigen-induced IL-13 production in BALF in IL-4 KO mice

was signi®cantly lower than that in wild-type mice. These
results suggest that IL-13 production is Th2-dependent, at
least, in this model. IL-13 was reported to be critical for the

increased mucus production and AHR in experimental
asthma models (Wills-Karp et al., 1998; GruÈ nig et al.,
1998). Furthermore, the lungs of pulmonary IL-13 transgenic

mice have mononuclear and eosinophilic in¯ammatory
in®ltrates, epithelial cell hypertrophy, eosinophilic crystals,
and greatly increased mucus production (Zhu et al., 1999). In
the present study, the production was signi®cantly correlated

with epithelial changes in both experiments. These ®ndings
suggest that IL-13 produced by CD4+ Th2 cells play an
important role in the development of antigen-induced goblet

cell hyperplasia.
In IL-4 KO mice, the ®brotic responses were almost

abrogated compared with those in wild-type mice. Moreover,

the level of IFN-g in BALF and antigen-speci®c IgG2a in
serum were signi®cantly higher, whereas IL-13 production in
BALF and antigen speci®c IgE/IgG1 production were

signi®cantly decreased compared with those in wild-type
mice. These ®ndings suggest that Th2 responses are
suppressed and Th1 responses are potentiated in IL-4 KO
mice. IFN-g is known to have anti-®brotic activities

(Adelmann-Grill et al., 1987; Elias et al., 1987; Ghosh et
al., 2001; Ziesche et al., 1999). For example, it can inhibit
®broblast chemotaxis, proliferation, and production of

extracellular matrix macromolecules (Adelmann-Grill et al.,
1987; Elias et al., 1987; Ghosh et al., 2001). IFN-g was also
shown to attenuate ®brosis in bleomycin-induced pulmonary

®brosis (Ziesche et al., 1999). Moreover, IFN-g can also
directly antagonize TGF-b e�ects as described below
(Hayashi et al., 1997; Ulloa et al., 1999). TGF-b1 is a
multifunctional regulatory cytokine, which has a broad range

of activities in cell growth and di�erentiation (Blobe et al.,
2000). In addition to these anti-in¯ammatory regulatory
e�ects, TGF-b1 also plays a central role in the pathogenesis

of various ®brotic disorders including pulmonary ®brosis
(Border & Nobel, 1994). Recently, TGF-b1 was suggested to
play an important role in asthma (Minshall et al., 1997;

Vignola et al., 1997). Increased expression of TGF-b1 in
BALF and biopsy or specimens obtained from asthmatics,
especially patients with severe asthma, has been reported

(Minshall et al., 1997). Furthermore, TGF-b1 expression was
found to correlate with the degree of subepithelial ®brosis
(Vignola et al., 1997). TGF-b signalling is known to transmit

from the membrane to nuclei using Smad protein (Heldin et
al., 1997). IFN-g can up-regulate the expression of SMAD7
(Ulloa et al., 1999). SMAD7 is inhibitory Smad and can bind
to TGF-b receptor preventing activation of Smad2 and

Smad3, which were phosphorylated by the TGF-b receptor
and mediate TGF-b e�ects (Hayashi et al., 1997). Further-
more, Nakao et al. (1999) showed that gene transfer of

Smad7 into T lymphocytes prevented TGF-b-mediated lung
®brosis by the blockade of TGF-b signalling. These basic
®ndings suggest that IFN-g prevents TGF-b mediated lung

®brosis. In contrast to Th1 cytokine, IL-13 has been shown
to be associated with and induce tissue ®brosis. This e�ect
was assumed to be due to the direct e�ects of IL-13 on
®broblasts since IL-13 stimulates ®broblast proliferation and

collagen production in vitro (Chiaramonte et al., 1999;
Doucet et al., 1998). It was also reported that IL-13 induces
lung tissue ®brosis, to a great extent via the TGF-b induction

and activation pathway (Lee et al., 2001). Therefore, the
persistent imbalance in expression of Th1/Th2 cytokines may
explain the mechanism for progression of subepithelial

®brosis in asthma.
Regarding as the role of IL-4 in the development of

allergen-induced airway remodelling, Foster et al. (2000)

demonstrated that epithelial hypertrophy and subepithelial
®brosis as well as AHR were potentiated in IL-4 KO mice) .
They suggested the anti-in¯ammatory e�ect of IL-4. The
discrepancy between their data and our present data may be

due to the di�erences in the experimental protocol. In their
model, mice were immunized with OA with alum, and then
exposed OA (2.5% w v71) 3 days per week for 6 weeks,

whereas sensitized mice were exposed OA(1% w v71) every
day for 3 consecutive weeks in the present study. Especially,
the frequency and concentration of allergen challenge may

in¯uence the mechanisms which cells and/or functional
molecules are involved in the development of asthma-like
responses as reported (Kobayashi et al., 2000), although
similar data were observed with the treatment of anti-CD4

mAb in both experiments.
Recently, a clinical trial of a chimeric antibody to CD4 in

severe asthma was carried out (Kon et al., 1998). The

antibody is shown to have a potential to improve asthmatic
symptoms in patients. Although the present model did not
demonstrate the complete features of the asthmatic airway

remodelling, our present ®ndings demonstrated that the
development of airway remodelling including goblet cell
hyperplasia and subepithelial ®brosis was dependent on Th2

Table 2 E�ect of IL-4 gene de®ciency on allergen-induced airway remodelling in BALB/cJ mice

Sensitization/ Goblet cell hyperplasia Fibrotic area TGF-b1 Hydroxyproline
Genotype inhalation (arbitrary units) (area BM71) (pg ml71) (mg lung71)

Wild-type Saline/Saline 0.30+0.12 0.90+0.10 27.5+1.0 122.5+2.4
(BALB/cJ) OA/Saline 0.50+0.22 0.87+0.11 32.5+1.3 126.0+5.1

OA/OA 2.67+0.54a 2.97+0.41a 333.8+27.2a 161.6+5.1b

IL-4 KO Saline/Saline 0.50+0.16 0.99+0.14 27.9+0.5 116.7+3.8
OA/Saline 0.40+0.25 0.97+0.05 29.5+2.6 111.4+2.6
OA/OA 1.10+0.19d 1.22+0.29c 81.6+6.7a,d 140.3+3.7b,d

Values represent the means+s.e.mean of ®ve to six animals in each group. aP50.01, bP50.001 (vs OA/Saline group), cP50.05,
dP50.01 (vs wild-type).
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responses induced by CD4+ T cells, therefore, the inhibition
of the function of CD4+ T cells or the e�ect of Th2 cytokines
may have a therapeutic approach to prevent the airway

remodelling in asthma.
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