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One of the major aspects of airway remodeling in asthma is the
development of mucous cell metaplasia (MCM). The role of cyto-
kines in the generation and resolution of MCM has been studied in
mice and in isolated airway epithelial cells in culture. However,
studies using organ cultures that keep the tubular structure of the
airways intact and allow studies in the absence of inflammatory cells
have not been reported. We established an organ culture system
that replicates the allergen-induced MCM in mice and analyzed the
role of Bax in the IFN-g–induced resolution of MCM. IL-9 or IL-13
induced MCM independently, but a combined IL-9/IL-13 treatment
enhanced MCM synergistically. Addition of IFN-g at 0.1 ng/ml
concentration further increased MCM to levels observed in aller-
gen-exposed mice in vivo. However, MCM was reduced when
explants were treated with 50 ng/ml IFN-g after MCM was estab-
lished. While IL-9/IL-13 induced MCM in bronchioles microdissected
from bax1/1 and bax2/2 mice to a similar extent, IFN-g treatment
reduced MCM only in bronchioles from bax1/1 but not in bax2/2

bronchioles. Restoration of Bax expression in bax2/2 bronchioles
using an adenoviral expression system reduced IL-9/IL-13–induced
MCM while MCM was similar in noninfected or adenoviral green
fluorescentprotein–infectedbax2/2 bronchioles.Furthermore,express-
ing Bax using an adenoviral expression system reduced allergen-
induced MCM in mice. These studies show that allergen-induced
MCM is a response to a combination of various cytokines at defined
concentrationsandthat IFN-g requiresBax for theresolutionofMCM.
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Excess mucus production and secretion can be fatal for patients
with asthma, but controlling mucous hypersecretion remains
a difficult challenge. Several inflammatory mediators have been
implicated in the overproduction of mucus in allergic asthma
(1). Overexpression of Th2 cytokines such as IL-4 (2, 3), IL-5
(4), IL-9 (5), and IL-13 (6) leads to mucous cell metaplasia
(MCM) in animal models. However, Th2 transfer experiments
with IL-42/2 (7) or IL-52/2 (8) T cells and MUC5AC promoter
activity assays (9) revealed that IL-4 and IL-5 are not required
for the development of MCM and mucin biosynthesis and stor-
age. IL-13 is sufficient for the generation of MCM in a manner
that is independent of immunoglobulin (Ig)E and eosinophils
(10, 11), and transgenic mice overexpressing IL-13 in their lungs
show extensive MCM (6). IL-13 induces MCM in cultured
primary normal human bronchial epithelial cells (NHBEs) (12,
13) and mouse tracheal epithelial cells (MTECs) (14, 15).
Similarly, localized overexpression of IL-9 in the lung causes

massive airway inflammation and MUC2 and MUC5AC gene
expression (16), and extensive MCM in the airways (5). In
addition, instillation of IL-9 directly affects airway epithelial
cells to express MUC2 and MUC5AC transcription (9, 16).
However, whether IL-9 plays a dominant or a helper role for
the development of MCM remains unclear because IL-92/2

mice develop MCM in response to allergen (17). Furthermore,
the combined effect of IL-13 and IL-9 is largely unknown.

How IFN-g, a major Th1 cytokine, affects the Th2-induced
MCM is an unresolved question. Using recombinant cytokines,
Ford and coworkers (18) show that IFN-g has double-sided
effects on IL-13–induced lung injury. IFN-g inhibited IL-13–
induced goblet cell hyperplasia and the infiltration of the air-
ways with eosinophils and neutrophils but enhanced IL-6 levels
and other effects. We also find that IFN-g mediates the reduc-
tion of allergen-induced MCM by inducing programmed cell
death (19, 20). Such a double-sided effect of IFN-g (inhibiting
some, potentiating others) on IL-13–induced changes in the
lungs has been reported by various groups (21, 22). However,
these studies do not address the possibility that the observed
differences may be due to variations in local concentrations of
these cytokines.

Numerous analyses of airway epithelial cell function have
been conducted on human and murine tissues, primary cultures,
and cell lines. The use of nonpolarized and or poorly differen-
tiated primary cultures and immortalized cell lines is suboptimal
for epithelial cell research because some functional properties
of epithelial cells are dependent upon differentiation and appro-
priately polarized cell organization. These properties rely on
extracellular signals, which are generated from cell to cell and
cell to substratum interactions. It is increasingly becoming clear
that the epithelial–mesenchymal trophic unit plays a role in the
response of epithelial cells (23) and that retaining the ultra-
structure of the original tissue should be considered when ana-
lyzing the response to certain cytokines. Therefore, to elucidate
the effect of cytokines on the development and resolution of
MCM, we used the culture of microdissected murine terminal
bronchioles that maintains the mesenchymal trophic unit with-
out damaging the epithelial integrity. We show that this method
enables a physiologically relevant analysis of murine airway
epithelial cells in vitro and allows utilization of transgenic
mouse models. Our data show that a combination of IL-9 and
IL-13 (IL-9/IL-13) synergistically increase MCM, and that IFN-
g at low concentrations potentiates MCM while it inhibits MCM
when present at higher concentrations through a Bax-mediated

CLINICAL RELEVANCE

Our studies show that in mice, mucous cell metaplasia in an
asthma setting is reduced by IFN-g through a cell death
regulator, Bax. Therefore, delivery of Bax to airway cells
could be an effective way to reduce mucous secretions in
clinical asthma.
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pathway. The possibility of restoring Bax expression and thereby
reducing allergen-induced MCM in mice was explored by intra-
tracheal instillation of an adenoviral expression system for Bax
into mice.

MATERIALS AND METHODS

Animals

C57BL/6 mice, 6 to 8 weeks of age, were purchased from Jackson
Laboratory (Bar Harbor, ME) and housed in isolated cages under
specific pathogen–free conditions. Bax1/2 mice on C57BL/6 background
were received from Dr. S. Korsmeyer (Dana-Farber Institute, Boston,
MA) and bax2/2 and bax1/1 littermates were bred and genotyped, as
previously described (24). All experiments were approved by the Insti-
tutional Animal Care and Use Committee and were performed at
Lovelace Respiratory Research Institute, a facility approved by the Asso-
ciation for the Assessment and Accreditation for Laboratory Animal
Care International.

Microdissected Airway Cultures

Distal airway bronchioles were removed by microdissection and main-
tained in culture essentially as described (25, 20). Lungs were inflated
with Compatigel low–melting temperature agarose (FMC Bioproducts,
Rockland, ME) and immersed in F12 medium during dissection. Distal
airway branches were dissected starting from their branch point with
the major (axial) airway. Bronchioles from at least three mice were
prepared for each treatment to normalize for mouse-to-mouse vari-
ability. Up to 16 bronchioles were obtained from the left and right lung
lobes of each mouse, and four bronchioles were used for each treat-
ment. Bronchioles were cultured at an air–liquid interface by placing
them in the center of the mesh inserts with the long axis of the cylin-
drical bronchiole fully extended in the plane of the insert membrane.
To the bottom chamber 400 ml medium was added, while 60 ml was
added to the upper compartment containing the bronchioles to provide
a thin film of liquid over the explants. Bronchioles were kept in culture
at the air–liquid interface for 7 days while being treated with IL-9 and/
or IL-13 at 1, 10, or 20 ng/ml and IFN-g at 0 or 0.1 ng/ml. On Day 6, 50
ng/ml of IFN-g were added to the combined IL-9/IL-13 treatment for
the last day in culture. Explants were fixed in zinc formalin for 1 to
3 days and pre-embedded in 1% agarose before paraffin embedding and
preparation of tissue sections (5 mm) for staining procedures. Figure
1A shows a schematic for processing of lungs. In pilot studies, we com-
pared the number of ciliated and nonciliated cells per mm basal lamina
in explants that were maintained in culture for 7 days to the numbers

found in bronchioles of similar size in in vivo lungs. Cell numbers re-
mained identical for ciliated cells, and while the number of nonciliated
cells per mm basal lamina was significantly higher in airways from
in vivo mice, the increase was only by 10% compared with bronchioles
maintained in cultures (Figure 1B). Mucous cells were essentially ab-
sent in nontreated airways, suggesting that the nonciliated cells repre-
sent Clara cells. These findings suggested that the culture conditions
did not change the state of differentiation of epithelial cells and that
this culture system is well suited for studying the changes in the state of
differentiation in response to specific cytokines. During these pilot
studies, we decided to exclude from analyses mice that showed mucous
cells in control medium without IL-9 and IL-13 treatment, because
unknown inflammatory conditions in these mice may skew the effects
of treatment with IL-9 and IL-13 in our experiments.

Infection with Adenoviral Expression Constructs and Allergen

Exposure of Mice

Bronchial explants were infected with an inducible recombinant ade-
novirus encoding heamagglutinin (HA)-tagged Bax (Ad-Bax) or green
fluorescent protein (GFP) (Ad-GFP) (26) at a multiplicity of infection
of 200 for the last 2 days of culture by adding the virus to the culture
media.

Sensitization and exposure of mice to allergen were as previously
described (19). For adenoviral infection of mice exposed to allergen,
male C57BL/6 mice (6 wk old) were immunized by intraperitoneal
injection with 1 mg of ovalbumin mixed with 100 mg of Al(OH)3 in
a volume of 0.5 ml on Days 1 and 7. On Day 14, mice were exposed to
ovalbumin aerosol (2 mg/m3) in whole-body exposure chambers for 6
hours per day on 4 consecutive days. The next day, all mice were
removed from the exposure chambers, anesthetized, and intranasally
instilled with the Ad-GFP as control or with Ad-Bax in 50 ml of saline.
Mice were again anesthetized, intranasally instilled with the same ex-
pression vectors 24 hours later, and killed the following day. Four mice
each were instilled with 107 or 109 plaque-forming units (pfu) of Ad-
Bax or Ad-GFP; however, only the results for mice infected with 109

pfu are shown because the HA-tagged Bax could not be detected in
mice instilled with 107 pfu, and no difference between the Ad-GFP and
Ad-Bax was observed in mice infected at this titer.

Histologic Evaluation

Tissue sections were stained with Alcian Blue and periodic acid Schiff’s
(AB/PAS) or hematoxylin and eosin (H&E) as described (27, 28). The
number of cells per millimeter basal lamina (BL) and the volume
(cubic millimeters) of mucus per unit area (nanoliter) of basement
membrane (volume density [Vs]) was quantified using an Olympus

Figure 1. (A) Schematic describing the process of preparation, processing, and quantification of the bronchiolar organ cultures. (B) The state of

differentiation of airway epithelial cells was only minimally affected by maintaining bronchioles in cultures for 7 days, compared with bronchioles in

in vivo lung. The numbers of ciliated and nonciliated cells were compared in bronchioles maintained in organ culture (OC) to the numbers in
bronchioles of similar size in in vivo lungs (Lung).
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BH-2 light microscope equipped with the National Institutes of Health
image analysis system (Bethesda, MD) as described previously (29).
Morphometry in all sections was performed by a person unaware of the
exposure history of mice from which the airway tissues were taken.

Immunohistochemistry

Detection of Bax in tissue sections was as described previously (20).

SDS-PAGE and Immunoblotting

Cells were processed for SDS-PAGE as described (30). Protein
concentration was determined using the BCA assay (Pierce, Rockford,
IL), and equal amounts of protein were electrophoresed unless other-
wise stated. Relative protein amounts were determined by densitom-
etry using the GS800 imaging system (Bio-Rad, Hercules, CA).
Detection of adenoviral expressed HA-tagged Bax was performed
using anti-HA antibodies (Stressgen, San Diego, CA). Antibodies to
Bax were purchased from PharMingen (San Diego, CA).

Statistical Analysis

Grouped results from at least four different mice were expressed as
mean 6 SEM. Results grouped by time point and genotype were
analyzed using two-way ANOVA. When significant main effects were
detected (P , 0.05), Fisher’s least significant difference test was used to
determine differences between groups. A P , 0.05 was considered to
indicate statistical significance.

RESULTS

IL-9 Enhances IL-13–Induced MCM

To optimize the induction of MCM in the organ culture system,
initially, we treated the bronchiolar explants with increasing
concentrations of IL-13 for 5 and 7 days. Results showed that
little MCM was observed at 5 days, but significantly higher
levels were observed at 7 days in cultures treated with 10 or 20
ng/ml IL-13 (Figure 2A). Reduced amount of stored mucosub-
stances was observed when explants were treated with 50 ng/ml
of IL-13 (data not shown).

IL-9 increases MUC5AC gene expression (9) and modulates
mucus production (31), and administration of antibody to IL-9
inhibits the development of MCM (32) by a pathway different
from that of IL-13 (33, 34). To explore the role of IL-9 on the
induction of MCM, explant cultures were treated with increas-
ing concentrations of IL-9. Interestingly, MCM was highest at
1 ng/ml IL-9, but was reduced with increasing IL-9 concentrations
at 10 and 20 ng/ml (Figure 2B). Various concentrations of IL-4
had no effect on the development of MCM in this culture
system (data not shown), suggesting that IL-13 and IL-9 were

the main players for inducing MCM by directly affecting airway
epithelial cells.

We further tested whether IL-13 together with IL-9 may
have additive or synergistic effects in inducing MCM. Because
a concentration higher than 1 ng/ml IL-9 appeared to have a
suppressive effect on MCM, we kept IL-9 at a concentration of
1 ng/ml and tested whether increasing the concentration of IL-
13 would enhance the levels of intraepithelial stored mucosub-
stances. IL-9 and IL-13 at 1 ng/ml each, or a combination of
1 ng/ml IL-9 with 5 ng/ml IL-13, showed maximum MCM that
was double the levels induced by IL-13 only at 20 ng/ml (Figure
2C). It appeared that the combination of these cytokines at low
concentrations has a synergistic effect on MCM.

Low Concentrations of IFN-g Enhance MCM when Added

Together with IL-9/IL-13

To determine the role of low IFN-g concentrations on IL-9/IL-
13–induced MCM, bronchioles were treated with the IL-9/IL-13
(1 ng/ml each) and 0.1 ng/ml IFN-g from Day 1. Interestingly,
IFN-g at 0.1 but not at 50 ng/ml enhanced the IL-9/IL-13–
induced MCM (Figures 3A–3D). In control studies, IFN-g alone
at 0.1 or at higher concentrations (data not shown) had no visi-
ble effect on airway epithelia. In addition, higher concentrations
of IFN-g when added to either IL-9 or IL-13 from Day 1 of
culture did not enhance the IL-9/IL-13–induced MCM (data not
shown).

IFN-g Reduces Established IL-9/IL-13–Induced MCM

We have shown that during prolonged exposure to allergen,
high concentrations of IFN-g are responsible for reducing MCM
(19). Therefore, we investigated whether increasing IFN-g con-
centrations causes a reduction in MCM when present after
IL-13/IL-9–induced MCM is established. Bronchioles were
treated for 7 days with IL-9 or with IL-13, and 50 ng/ml IFN-g
was added on the last day of culture. IFN-g reduced MCM that
was induced by 20 ng/ml IL-13 (Figure 4A) or 1 ng/ml IL-9
(Figure 4B). Furthermore, IFN-g was also effective in reducing
IL-9/IL-13–induced MCM (Figure 4C). Treatment of these cul-
tures with IFN-g at 50 ng/ml most consistently reduced MCM,
while lower concentrations were not as effective (Figure 4C).

Bax Mediates IFN-g–Induced Reduction of

IL-9/IL-13–Induced MCM

Our previous studies have suggested that IFN-g induces cell
death in proliferating airway epithelial cells through STAT1 by
a Bax-mediated pathway (19, 20). To determine whether IFN-g

Figure 2. IL-9 and IL-13 are effective in-

ducers of mucous cell metaplasia (MCM).
(A) Explant cultures show maximum MCM

when cultured for 7 days in the presence of

IL-13. Microdissected bronchioles were placed

in culture and treated with IL-13 at 0, 1, 10,
and 20 ng/ml for 5 or 7 days and processed

for Alcian Blue and periodic acid Schiff’s (AB/

PAS) staining. The development of MCM

required maintaining cultures for 7 days. (B)
MCM was increased in a dose-dependent

manner when treated with 10 or 20 ng/ml

of IL-13, but was reduced when treated with
10 or 20 ng/ml of IL-9. Bronchiolar cultures

were treated with IL-9 or IL-13 at 0, 1, 10, or

20 ng/ml and harvested after 7 days of culture. (C) IL-9 and IL-13 have a synergistic effect in inducing MCM. Organ cultures were treated with

nothing or with a combination of 1 ng/ml IL-9 and either 1, 5, 10, or 20 ng/ml IL-13. A combination of IL-9/IL-13 at 1 ng/ml each induced
maximum MCM, as did a combination of 1 ng/ml IL-9 with 5 ng/ml IL-13. Error bars, group means 6 SEM (n 5 9 mice/group). Asterisk represents

a significant difference (P , 0.05).
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may be acting through Bax to reduce IL-9/IL-13–induced MCM,
we microdissected bronchioles from bax2/2 mouse lungs and
treated them with nothing as control or with IL-13/IL-9 at 1 ng/ml
each for 7 days. A PCR analysis from genomic DNA was used
to identify bax2/2 mice from the bax1/2 and bax1/1 progenitors
(Figure 5A). IL-9/IL-13 induced MCM in bax1/1 and bax2/2

bronchioles to a similar extent (Figure 5B). However, addition
of IFN-g to these explant cultures significantly reduced MCM in
bax1/1 but not in bax2/2 bronchioles (Figure 5B).

It is known that deficiency in one protein may cause over-
expression of other proteins, or cells activate other compensa-
tory mechanisms that could mislead interpretations of results as
to the importance of the targeted protein. To fully determine
whether Bax is responsible for the lack of resolution, we re-
constituted its expression in bax2/2 bronchioles. To determine
whether Bax expression reduces MCM, the bax2/2 bronchioles
were infected with an adenoviral expression vector at a multi-
plicity of infection of approximately 200 for the last 2 days of
culture. Infection of these cultures was determined by detecting
Ad-Bax by Western blot analysis in tissues transfected with an
adenoviral expression vector but not in control tissues infected
with Ad-GFP (Figure 5C). As expected, HA and Bax were de-
tected only in Ad-Bax–infected bax2/2 bronchioles, and only
Bax but not HA was detected in bronchiolar cultures from
bax1/1 mice (Figure 5C). In a separate set of experiments, bax2/2

bronchiolar tissues were processed for AB/PAS, and MCM was
quantified by morphometry. Results showed that MCM was present

in epithelia treated with IL-9 and IL-13 or with control Ad-GFP,
while MCM was absent in bronchioles infected with Ad-Bax
(Figure 5D). These studies suggest that Bax is crucial for IFN-
g–induced resolution of allergen-induced MCM.

Expression of Bax Reduces Allergen-Induced MCM in

C57BL/6 Mice

To investigate whether the expression of Bax would reduce
allergen-induced MCM in vivo, mice were exposed to allergen
for 5 days, when MCM is maximum (19), and were instilled with
109 pfu Ad-Bax or Ad-GFP as control. Lungs from Ad-Bax–
and Ad-GFP–instilled mice were analyzed by Western blotting
for expression of the HA tag and for Bax. While Bax was
expressed in all mice, the HA-tagged Bax that runs as a larger
protein was only observed in mice that were instilled with
Ad-Bax (Figure 6A), but not in mice instilled with Ad-GFP
(Figure 6A).

To determine which cells were expressing the HA-tagged
Bax, lung tissue sections were analyzed by immunohistochem-
istry using anti-HA antibodies. Immunohistochemistry with
antibodies against the HA-tag identified that the HA-tag was
primarily observed in airway epithelial cells (AECs), but periph-
eral lung cells were also staining positive for the HA-tag as
shown by the brown staining (Figure 6B) in Ad-Bax–instilled
mice. The HA-tag was not detected in mice infected with Ad-
GFP (Figure 6C). This finding demonstrated that the adenovi-
rus had successfully expressed the HA-Bax in epithelial cells.

Figure 4. Treatment of bronchiolar cultures

with 50 ng/ml IFN-g on Day 6 of culture
reduced IL-9– and IL-13–induced MCM.

Bronchial explants were either left untreated

or treated with 20 ng/ml IL-13 (A) or 1 ng/ml

IL-9 (B) for 7 days and with 50 ng/ml IFN-g
on the last day of culture. As a further control,

explants were treated with 50 ng/ml IFN-g on

the last day of culture. (C) Microdissected
bronchioles were treated with either nothing

or with IL-9/IL-13 at 1 ng/ml each and with 1,

5, 20, or 50 ng/ml IFN-g on the last day of

culture. Error bars, group means 6 SEM (n 5

6 mice/group). Asterisk represents a significant

difference (P , 0.05).

Figure 3. IFN-g at low concentration enhances IL-9 and IL-13-induced MCM. (A) Microdissected airway bronchioles were placed in culture in an

air–liquid interface and treated for 7 days with IL-9 and IL-13 at 1 ng/ml each, or with IL-9/IL-13 together with 0.1 or 50 ng/ml IFN-g, and with 0.1

IFN-g or vehicle as controls. Tissues were processed for AB/PAS staining, and the volume density (Vs) per square millimeter basal lamina (nl/mm2 BL)
was quantified by morphometry. Bars 5 group means 6 SEM (n 5 628 mice/group). *Significantly different from untreated controls (P , 0.05). (B)

Representative photomicrographs of AB/PAS-stained tissues; vehicle or 0.1 ng/ml IFN-g–treated controls (B), IL-9/IL-13–treated (C), and IL-9/IL-13/

IFN-g–treated (D) tissue sections are shown.
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Further evidence for the effect of expressing Bax in epithelial
cells stemmed from the quantifications for MCM. Both the Vs
of the amount of intraepithelial stored mucosubstances (Figure
6D) and the mucous cells per millimeter basal lamina (data not

shown) showed that MCM was reduced with Ad-Bax compared
with those bronchioles instilled with Ad-GFP.

DISCUSSION

The present studies show that the organ culture system with
microdissected bronchioles is an effective approach to study the
role of cytokines on airway epithelial cells without the potential
confounding factors emanating from inflammatory cells present
in whole animal models. Using this system, we show that IL-13
when present alone induces MCM in a concentration-dependent
manner. Interestingly, a high concentration of this cytokine has
an inhibitory effect on MCM. These findings were also noted by
other investigators using well-differentiated airway epithelial

Figure 6. Mice instilled with allergen for 5 days were infected with Ad-
GFP or Ad-Bax. (A) Western blot analysis showing expression of HA-

tagged Bax in 2 representative lungs of Ad-Bax- (lanes 1 and 2) but not

in Ad-GFP–instilled (lanes 3 and 4) mice. A protein that cross-reacts

with the HA-tag antibody was visible in all lanes. HA was detected by
immunohistochemistry in epithelial cells of Ad-Bax– (B) but not Ad-GFP

(C)–instilled mice. (D) MCM was significantly reduced in the airways of

mice instilled with Ad-Bax compared with those instilled with Ad-GFP.

Error bars, group means 6 SEM (n 5 4 mice/group). *Significantly
different from Ad-Bax (P , 0.05).

Figure 5. Resolution of IL-9/IL-13–induced MCM is dependent on Bax.

(A) Representative figure showing a PCR analysis of genomic DNA from
bax1/1, bax1/2, and bax2/2 mice. (B) Bronchioles were microdissected

from bax1/1 and bax2/2 mice, placed in culture, and treated with IL-9

and IL-13 for 6 days, followed by 50 ng/ml IFN-g treatment on Day 7.
(C) Bronchioles were harvested and processed for quantification of

MCM. Lanes 1 and 4 represent proteins from explants that were from

bax1/1 or bax2/2 mice, respectively. Bronchioles from bax2/2 mice

were infected with adenoviral expression system for Bax (lane 3) or
green fluorescent protein (GFP) (lane 2) as control, harvested 2 days

later, and analyzed by Western blotting. Hemagglutinin (HA)-tagged

Bax was detected only in bronchioles infected with Ad-Bax. (D)

Bronchioles from bax1/1 and bax2/2 mice were placed in culture,
treated with IL-9/IL-13 at 1 ng/ml each, and infected with Ad-Bax or

Ad-GFP. Bronchioles were harvested, processed for AB/PAS staining,

and analyzed for MCM. Error bars, group means 6 SEM (n 5 4 mice/
group). Asterisk represents a significant difference (P , 0.05).
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cultures isolated from humans (12) or mice (14). IL-13 activates
the IL-13Ra1 and IL-4Ra to activate STAT6 and cause MCM
(6, 10, 15). Other STAT6-independent pathways mediated by
activating the phosphatidylinositol 3-kinase and the mitogen-
activated protein kinase (MAPK) have also been proposed for
IL-13–induced mucin gene expression in primary epithelial cells
(12, 35, 36). We were unable to induce MCM in STAT12/2

bronchioles, suggesting that STAT1 may be involved in the
development of MCM by IL-9/IL-13 (data not shown).

Similar to IL-13, IL-9 increased MCM at a low concentration
but had an inhibitory effect at higher concentrations. Interest-
ingly, IL-9 alone only minimally increased MCM, suggesting
that it is not as prominent as IL-13. However, this cytokine
enhanced IL-13–induced MCM in a synergistic way. The minor
role of IL-9 in inducing MCM when present alone is consistent
with previous studies demonstrating that the development of
allergen-induced MCM is not affected in IL-9–deficient mice
because IL-13 may have been present to induce MCM (17).
Furthermore, a recent study suggests that IL-9 promotes asthma
through IL-13–independent pathways via expansion of mast
cells, eosinophils, and B cells, and requires the production of
IL-13 by hematopoietic cells for mucus production and recruit-
ment of eosinophils by lung epithelial cells (37). However, sev-
eral other studies show that IL-9 affects airway epithelial cells
directly. Instillation of IL-9 causes MUC5AC expression before
the presence of IL-13 mRNA in lung tissues or in the lavage
fluid (38). Furthermore, IL-9 increases MUC2 and MUC5AC
transcription in the mouse epidermoid carcinoma cell line NCI-
H292 and primary NHBEs (9), suggesting that IL-9 can have
a direct effect in inducing MCM.

Detailed studies on the combined effects of cytokines on the
development of MCM have not been reported. Our studies
suggest that IL-9 and IL-13 may independently regulate mucin
biosynthesis and storage by directly affecting airway epithelial
cells. The fact that IL-9 and IL-13 showed a synergistic effect on
MCM in our studies supports the idea that IL-9 acts through
a pathway different from IL-13 to induce MCM. Our findings
are consistent with reports that IL-9 and IL-13 during injury and
repair show stark differences in inducing MCM (33). IL-13 con-
fers the asthma-like phenotype and MCM through the IL-4Ra

chain (39, 40) using the STAT6-dependent pathway (35, 41).
Furthermore, several studies suggest the IL-13–induced MCM
also involves the p38a MAPK (36, 42). Because the signaling
pathway(s) responsible for IL-9–induced MCM are currently
not known, it is not clear how the synergy between these two
cytokines is processed.

MCM was enhanced when IFN-g was present at low concen-
trations with IL-9/IL-13 before MCM was established. These
MCM levels were similar to what is occasionally observed in
mice after exposure to allergen for 5 days (19). In the current
study, when mice were exposed to allergen and instilled with
Ad-GFP, they appeared to have increased MCM compared
with what was observed in previous studies without viral in-
stillation. The enhancing effect of IFN-g on IL-9/IL-13–induced
MCM is consistent with our previous report that showed
allergen-induced MCM to be 3-fold higher in bim2/2 compared
with bim1/1 mice despite similar levels of IL-13 (43). IFN-g
levels in the lung tissue of naive bim2/2 mice were higher
compared with bim1/1 mice because of the higher number of T
cells present as Bim regulates T cell death (44, 45). Our previ-
ous study with bim2/2 mice suggested that the presence of
IFN-g may have enhanced Th2-induced MCM. IFN-g primarily
signals through STAT1 (46), but some of its signaling is also
STAT1-independent (47). Whether the role of IFN-g–enhancing
MCM is mediated by STAT1 is currently unknown. Under-
standing the pathway by which IL-9 acts, and the role of STAT6

activation in combination with activation of the STAT1 and
MAPK pathways, is essential to completely explain the devel-
opment of MCM in asthma.

MCM was reduced when IFN-g was added at higher con-
centrations on the last day of culture. This finding replicates our
previous observation that IFN-g levels during prolonged expo-
sure to allergen are increased at 10 days of allergen exposure
and that instillation of increasing IFN-g concentrations reduces
allergen-induced MCM (19). Our studies suggest that essen-
tially all the cell death–inducing activity of IFN-g is mediated
through STAT1 (19). Furthermore, that IFN-g was ineffective
in reducing MCM in bax2/2 bronchioles confirms our previous
observation based on prolonged exposure of bax1/1 and bax2/2

mice (20). The present studies show that deficiency of Bax in
epithelial cells is responsible for the lack of IFN-g, thereby
causing a reduction of MCM. Furthermore, restoration of Bax
expression using the adenoviral expression system causes a re-
duction of IL-9– and IL-13–induced MCM. However, identify-
ing the cells that undergo apoptosis has been difficult. This
could be due to the speed by which the dying cells are removed
or due to the fact that they may be undergoing a type of apo-
ptosis that is not classic in that the dying cells show condensed
nuclei. Future studies will address this problem.

Instilling adenoviral expression vectors for Bax reduced the
number of metaplastic mucous cells compared with the Ad-
GFP–instilled controls. Interestingly, while the Bax protein is
present in the AECs as detected by Western blot analysis, the
endogenous Bax appears to be inactive. However, the Bax
derived from the adenoviral expression system appears to be in
an active form for reducing MCM.

Furthermore, HA-tagged Bax was not only detected in mu-
cous airway epithelial cells but also in other cell types. In-
terestingly, in both the organ cultures and in in vivo mice
instilled with Ad-Bax, the integrity of the epithelium did not
seem to be disrupted because no edema or complete denudation
of the epithelium was observed. These studies suggest that the
majority of epithelial cells are resistant to Bax-induced cell
death. This observation is supported by the fact that only pro-
liferating AECs are susceptible to IFN-g–induced cell death,
while confluent cultures are minimally affected (19). It is possi-
ble that hyperplastic mucous cells represent hyperplastic epithe-
lial cells, and expressing Bax may selectively target hyperplastic
cells to cause cell death while resting AECs are not affected.
The resistance of resting AECs to Bax-induced cell death may
ultimately result in the reduction of MCM without affecting the
integrity of the epithelium.

In summary, bronchiolar cultures that do not compromise the
differentiation of the airway epithelium, the subepithelial struc-
tures, or the tubular structures of the airways are useful to elu-
cidate the development of MCM in response to a combination of
cytokines that represent the milieu in an asthmatic condition.
Furthermore, the use of bronchioles from transgenic mice al-
lowed us to study the importance of IFN-g to resolve IL-9/IL-13–
induced MCM by a Bax-mediated pathway. The importance of
Bax in resolving MCM was verified in allergen-exposed mice.
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