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Abstract
Airways display robust NF-κB activation and represent targets for anti-inflammatory asthma
therapies, but the functional importance of NF-κB activation in airway epithelium remains enigmatic.
Therefore, transgenic mice were created in which NF-κB activation is repressed specifically in
airways (CC10-IκBαSR mice). In response to inhaled Ag, transgenic mice demonstrated significantly
ameliorated inflammation, reduced levels of chemokines, T cell cytokines, mucus cell metaplasia,
and circulating IgE compared with littermate controls. Despite these findings, Ag-driven airways
hyperresponsiveness was not attenuated in CC10-IκBαSR mice. This study clearly demonstrates that
airway epithelial NF-κB activation orchestrates Ag-induced inflammation and subsequent adaptive
immune responses, but does not contribute to airways hyperresponsiveness, the cardinal feature that
underlies asthma.

Hallmarks of asthma include airways inflammation predominated by eosinophils, the
production of mucus, Th2 cytokines (IL-4, -5, and -13), and allergen-specific IgE, as well as
airways hyperresponsiveness to inhaled bronchocon-stricting agonists. The transcription factor
NF-κB is considered a master regulator of inflammation and immune processes (1,2) and has
been widely implicated in the pathophysiology of asthma. NF-κB activity is tightly controlled
by the inhibitory protein, IκBα, which is complexed to NF-κB dimers to promote cytoplasmic
retention and low basal transcriptional activity. Upon cellular stimulation, the IκB kinase
complex phosphorylates IκBα, causing its ubiquitination and degradation through the 26S
proteasome pathway. IκB degradation exposes the nuclear localization sequence of NF-κB,
allowing its accumulation in the nucleus, binding to DNA, and stimulation of gene
transcription. Mice lacking the NF-κB subunits p50 or c-Rel develop less airway inflammation
upon Ag challenge, demonstrating the causal role of NF-κB in allergic airway disease (3–5).
NF-κB plays an important role in the maturation of Th cells, and the systemic failure to activate
NF-κB results in a blunted immune response to Ag. However, activation of NF-κB has also
been demonstrated specifically within airway epithelium in animal models of allergic airway
inflammation (6,7) and in patients with asthma (8–13). Thus, it is unclear exactly what aspects
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of allergic airways disease may be governed by the activation of NF-κB in these resident
pulmonary epithelial cells.

To address the functional significance of airway epithelial NF-κB activation in allergic airways
disease, we generated a transgenic mouse expressing an IκBα mutant, also referred to as
IκBα superrepressor (IκBαSR), 3 which is resistant to phosphorylation-induced degradation.
By placing this transgene under transcriptional control of the CC10 promoter, NF-κB activation
was inhibited selectively in airway epithelial cells. Using the OVA model of allergic airways
disease, we report here that NF-κB repression in airways significantly ameliorates
inflammation, expression of NF-κB-dependent inflammatory mediators, and secondary effects
on inflammatory cells, including Th cell cytokine production, Ag-specific Ig levels, and
mucous cell metaplasia. Despite these findings, inhibition of NF-κB activation in airways did
not dampen airways hyperresponsiveness, an important hallmark of asthma. These results
demonstrate that NF-κB activation within airway epithelium is necessary to fully induce the
recruitment of inflammatory cells to the airways in response to allergen challenge but also
demonstrate a complex dissociation between airway inflammation and hyperresponsiveness.

Materials and Methods
CC10-IκBαSR transgenic mice

The CC10-IκBαSR transgenic mice generated as previously described (14) were backcrossed
for 7–10 generations with BALB/c mice (The Jackson Laboratory, Bar Harbor, ME) and
housed in the University of Vermont Animal Facility. The Institutional Animal Care and Use
Committee granted approval for all studies. Mice were subjected to OVA sensitization and
challenge as described elsewhere (6). Grade V OVA was obtained from Sigma-Aldrich (St.
Louis, MO), and ImjectAlum was obtained from Pierce Biotechnology (Rockford, IL). Mice
were euthanized by a lethal dose of pentobarbital via intraperitoneal injection.

Pulmonary function assessment
Anesthetized mice were tracheotomized and mechanically ventilated for the assessment of
pulmonary function using the forced oscillation technique, as previously described (15). Mice
were ventilated at a rate of 2.5 Hz, with a tidal volume of 0.2 ml and 3 cm H2O positive end-
expiratory pressure (flexiVent; SCIREQ, Inc., Montreal, Canada). Data from regular
ventilation was collected to establish the baseline for each animal, and inhaled doses of
aerosolized methacholine (Sigma-Aldrich) in saline were then administered in successive
increasing concentrations (0, 3.125, 12.5, and 50 mg/ml). Multiple linear regression was used
to fit impedance spectra derived from measured pressure and volume to the constant phase
model of the lung (16): Z(f) = Rn+ JωI + [(Gti+ jHti)/ωa]. Thus, we determined the following
physiological properties; Newtonian resistance (Rn, a measurement of airway resistance) and
elastance (Hti, a measure of parenchymal events). The peak response for each variable was
determined, and the percentage change from baseline, as measured at the beginning of the
protocol, was calculated.

Bronchoalveolar lavage (BAL)
BAL fluid was immediately collected from euthanized mice for the assessment of total and
differential cell counts (6). Supernatants were collected for protein (BioRad, Hercules, CA)
and cytokine quantitation (Eotaxin-1, IL-4, IL-5, IL-13, and IFN-γ) by ELISA according to
manufacturer's instructions (R&D Systems, Minneapolis, MN).

3Abbreviations used in this paper: IκBαSR, IkappaB alpha superrepressor; CC10, clara cell 10-kDa protein; BAL, bronchoalveolar
lavage; RPA, ribonuclease protection assay; PAS, periodic acid schiff stain; PFA, paraformaldehyde.
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Serum collection and Ig analysis
Following euthanasia, blood was collected in serum separator tubes, centrifuged, and serum
was kept frozen at − 80°C. For Ig ELISAs, 96-well plates were coated overnight at 4°C with
either 2 μg/ml OVA in 0.1 M NaHCO3 (pH 9.6) or anti-IgE (R35.72; BD Biosciences
Pharmingen, San Diego, CA) in PBS (pH 7.2–7.4), washed with PBS containing 0.05% Tween
20, and blocked with 2% BSA in PBS. Plates were washed, and serum was applied at dilutions
of 1:8–1:4096 and incubated overnight at 4°C. Plates were washed and incubated with
biotinylated secondary Ab (Pharmingen), followed by incubation with streptavadin/peroxidase
(Roche Diagnostics Corp., Indianapolis, IN) for 1 h, and detection using reagents from R&D
Systems. ODs were read using a Bio-Tek Instruments PowerWaveX (Winooski, VT) plate
reader at 450 nm. Data is reported as OD values (± SEM) from identical dilutions in the linear
range of the readings (1:256).

Immunostaining
Following euthanasia, lungs were instilled with PBS for 5 min at a pressure of 25 cm H2O,
placed into Tissue-Tek OCT Compound (Sakura Finetek, Inc., Torrance, CA), and frozen in
liquid nitrogen-chilled isopentane for the preparation of 10-μm frozen sections. Slides were
fixed for 5 min with 3% paraformaldehyde in PBS, washed and permeabilized for 20 min with
1% Triton X-100 in PBS, and blocked with 10% goat serum in PBS for 1 h. Slides were then
incubated at room temperature with Ab recognizing RelA (10 μg/ml, SC-372; Santa Cruz
Biotechnology; Santa Cruz, CA) in 1% BSA/PBS for 3 h. Following three washes in PBS,
slides were incubated for 30 min with goat anti-rabbit Alexa 647-labeled secondary Ab
(Molecular Probes, Eugene, OR) in PBS and counterstained with a 1:1000 dilution of SYTOX
Green (Molecular Probes) in PBS to label DNA. Slides were washed with PBS, rinsed with
ddH2O, and coverslipped using Aqua Poly-Mount (Polysciences, Inc., Warrington, PA).
Sections were scanned using an Olympus BX50 upright microscope configured to a Bio-Rad
MRC 1024 confocal scanning laser microscope system using a 40× objective and an iris setting
of 2 (depth <2 μm). SYTOX Green staining of nuclei was detected by exciting fluorescence
with the 488 laser line, whereas Alexa 647 was detected following excitation with the 647 laser
line.

Histopathology and morphometry
Following euthanasia and BAL, the left lung lobe was instilled with 4% paraformaldehyde in
PBS (4% PFA) for 10 min at a pressure of 25 cm H2O and placed into 4% PFA at 4°C overnight
for further fixation of the tissue before embedding in paraffin. Then 7-μm sections were cut,
affixed to glass microscope slides, deparaffinized with xylene, and rehydrated through a series
of ethanols (6) and stained with H&E, or with periodic acid schiff stains (PAS), coverslipped,
and examined by light microscopy. Sections with a length:diameter ratio of <2:1 were evaluated
for inflammatory cell infiltration and PAS (mucin) positivity of the airways by a pathologist
blinded to the identity of the sections. Multiple airways of similar size were assessed per
section, and the percentage of PAS positive airway epithelial cells were recorded.

RNase protection assay (RPA)
Lungs were removed from the mice immediately following BAL, snap frozen in liquid
nitrogen, and pulverized using chilled mortars and pestles. RNA was extracted and gene
expression was assessed using the RPA (Pharmingen). Ten micrograms of total lung RNA was
hybridized to 32P-labeled probe sets (mCK-5c), processed according to the manufacturers
protocol, hybridized components were separated on a 5% acrylamide gel, and the gel was
exposed to Kodak BioMax x-ray film (Eastman Kodak, Rochester, NY) or to phosphorimaging
screens and subsequently quantitated on a Molecular FX system using QuantityOne software
(BioRad).
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RT-PCR
Total RNA was DNase treated and reverse transcribed into cDNA using SuperscriptII,
according to instructions by the manufacturer (Life Technologies, Grand Island, NY).
Semiquantitative PCR was performed using PCR SuperMix (Invitrogen, Carlsbad, CA). PCR
conditions were: denaturation 30 s at 94°C, annealing 30 s at 55°C, extension for 60 s at 72°
C, and a final extension for 5 min at 72°C. The following intron-spanning primers were used:
CCL20 (30 cycles) forward 5′-CGTCTGCTCTTCCTTGCTTT-3′, reverse 5′-
TTGACAAGTCCACTGGGACA-3′; Gob-5/Clca3 (30 cycles) forward 5′-
AAGCAAACCACTCCCATGAC-3′, reverse 5′-TGCGAAAGCATCAA CAAGAC-3′; β-
actin (25 cycles) forward 5′-TCCTTCGTTGCCGGTC CACA-3′, reverse 5′-
CGTCTCCGGAGTCCATCACA-3′. PCR products were visualized following electrophoresis
in 1% aragose gels stained with ethidium bromide. Densitometry was performed using a
Chemidoc XRS imager and QuantityOne software (BioRad). Real-time semiquantitative RT-
PCR was performed using the Taqman system. PCRs were performed using the Taqman
Universal PCR Master Mix and the ABI PRISM 7700 Sequence Detection System. The probes
and primer sets used for mouse Eotaxin-1 forward 5′-AGAGCTCCACAGCTTCTATT-3′,
reverse 5′-CTTACTGGT CATGATAAAGCAGCAG-3′, probe 5′-FAM-
(ACGGTCACTTCCTTCAC CTCCCAGG)-BHQ-1 3′; and for HPRT forward 5′-
TTTGCCGCGAGCCG-3′, reverse 5′-TAACCTGGTTCATCATCGCTAATC-3′, probe 5′
FAM-(CG ACCCGCAGTCCCAGCGTC)-BHQ-1 3′, were purchased from Biosearch
Technologies (Novato, CA). Eotaxin-1 levels were normalized to HPRT, and the data are
presented as average expression relative to the housekeeping gene.

Statistical analysis
Data were analyzed by two-way ANOVA, and Bonferroni correction was used for multiple
comparisons.

Results
Allergen sensitized and challenged CC10-IκBαSR mice exhibit reduced airway epithelial NF-
κB activation

To directly address the functional significance of airway epithelial NF-κB activation in allergic
airways disease, we used a transgenic mouse expressing IκBαSR in airway epithelium by
placing this transgene under transcriptional control of the CC10 promoter (CC10-IκBαSR). As
we have previously described, these mice exhibit normal gross and microscopic lung anatomy
and express the transgene exclusively in conducting airways, not in alveolar epithelium or
macrophages (14). In an OVA-driven model of allergic airways disease, the nuclear presence
of the NF-κB subunit, RelA, was readily apparent in wild-type mice, whereas its localization
was exclusively cytoplasmic in CC10-IκBαSR mice, illustrating that in response to allergen
challenge, NF-κB activation in airway epithelium was effectively blocked (Fig. 1). We have
previously demonstrated that NF-κB rapidly translocates from the cytoplasm to the nucleus of
airway epithelial cells of sensitized mice exposed to Ag, without marked translocation in
alveolar epithelial cells or macrophages of the lung (6). While similar results are observed
herein, NF-κB is also observed in inflammatory cells comprising the peribronchiolar legion in
wild-type mice, while expression of the transgene in the CC10-IκBαSR lung also inhibits the
recruitment of activated inflammatory cells to the peribronchiolar space following Ag
challenge.
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Allergen-sensitized and challenged CC10-IκBαSR mice exhibit reduced airway inflammation
and mucus production

We next assessed airways and tissue inflammation in response to inhaled Ag. Compared with
sensitized and challenged wild-type mice, airway inflammation induced by Ag was
significantly blunted in CC10-IκBαSR transgenics, based on the decreased numbers of
inflammatory eosinophils and lymphocytes in BAL fluid (Fig. 2A) and peribronchiolar regions
(Fig. 2B). Reductions in the number of mucin producing (PAS+) airway cells were also evident
in the CC10-IκBαSR transgenics (Fig. 2C). Quantitation of the percentage of mucin-positive
cells in bronchioles with a length: diameter ratio of <2:1 revealed significantly fewer cells in
the transgenic (50 ± 6.3%) than in the wild-type (74 ± 7.1%) mice (p = 0.013).

Diminished chemokine and T cell cytokine expression by sensitized and challenged CC10-
IκBαSR mice

Airway epithelial NF-κB activation can promote the transcriptional up-regulation of numerous
chemokine genes, essential in the recruitment of inflammatory cells (14), including eosinophils
as well as CD4+ T lymphocytes, which in turn secrete Th2 cytokines. Whereas mRNA levels
of the chemokine genes, RANTES, IP-10, MCP-1, eotaxin-1 (Fig. 3, A and D) and CCL20 (Fig.
3B) were markedly elevated in lung tissue of wild-type mice in response to Ag, expression
levels of these genes were attenuated in CC10-IκBαSR mice. Among these chemokines,
RANTES and eotaxin-1 are potent eosinophil chemoattractants (17), whereas TCA-3 induces
the recruitment of Th2 cells to the lung in allergic airway disease (18), and MCP-1 may
contribute to Th2 polarization (19), IP-10, while contributing to the recruitment of Th1 cells,
can also modulate lung inflammation and the recruitment of Th2 lymphocytes in asthma (20),
and CCL20 is an NF-κB-regulated (21), epithelial-derived (22) chemokine that stimulates the
recruitment of immature dendritic cells and CD4+ T cells (23). Reductions in the expression
of these chemokines may impact significantly on the subsequent magnitude of the
inflammatory response elicited by inhaled Ag. Additionally, reduced expression of the
calcium-activated chloride channel, Gob-5 (Clca3), a gene highly expressed by mucus-
producing airway epithelial cells (24), was found in the lungs of Ag-challenged CC10-
IκBαSR mice compared with wild-type controls (Fig. 3B), correlating with diminished mucus
metaplasia. Significant decreases in eotaxin-1, and the T cell cytokines IL-5 and IL-13, but not
IL-4 or IFN-γ, were observed in the BAL fluid of CC10-IκBαSR mice (Fig. 3C). The decreases
in the production of IL-13, a cytokine known to stimulate mucus production via the
transcriptional up-regulation of the Muc-5/5ac gene (25), correlated with attenuated goblet cell
metaplasia in CC10-IκBαSR mice (Fig. 2C), while decreases in IL-5 and eotaxin-1 correlated
with decreased eosinophilic influx into the BAL fluid. Thus, airway epithelial NF-κB activation
is essential for establishing the full magnitude of the inflammatory response in this model, and
consequently the abundance of cytokines produced by the inflammatory lymphocytes.

Reduced IgE and Ag-specific Abs in sensitized and challenged CC10-IκBαSR mice
Circulating levels of IgE are related to asthma symptoms and decreasing IgE improves asthma,
reducing the need for steroid therapy (26). Intriguingly, the circulating OVA-specific IgE, total
IgE, and OVA-specific IgG1 levels, but not OVA-specific IgG2a, were significantly reduced
in the CC10-IκBαSR mice compared with wildtype controls (Fig. 3E). Collectively, these
findings clearly demonstrate that NF-κB activation in airway epithelium is a cardinal event in
the orchestration of airways and tissue inflammation, and the expression of inflammatory
mediators. We also demonstrate that NF-κB activation in airways indirectly dictates Th cell
cytokine production, mucous cell metaplasia, and Ag-specific Ig levels.
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CC10-IκBαSR mice are not protected from Ag-driven lung hyperresponsiveness
Asthma is defined by changes in airways physiology, notably hyperresponsiveness. We
therefore assessed whether repression of NF-κB in airway epithelium would also attenuate
airways hyperresponsiveness. Using mechanically ventilated mice, airway resistance (Rn) and
tissue elastance (H) were calculated from data obtained with a forced oscillation technique
(15,16). Ag challenge of wild-type mice resulted in significant airway hyperresponsiveness to
inhaled methacholine when compared with mock-sensitized mice (Fig. 4). CC10-IκBαSR mice
displayed similar hyperresponsiveness in response to Ag as the wild-type mice, despite the
significant attenuation of other variables believed to be clinically relevant to the
pathophysiology of asthma. Therefore, we conclude that airway epithelial NF-κB-driven
inflammation and other immune alterations are uncoupled from airways hyperresponsiveness.
These findings are surprising in light of the fact that inflammatory events in the airway wall
are commonly believed to be integral to the pathophysiology of asthma (27) and, as such, are
current therapeutic targets (28).

Discussion
Stimulation of airway epithelial cells by inhaled materials evokes responses that may contribute
to the development and maintenance of chronic pulmonary inflammation through the activation
of NF-κB (8). Previous studies have demonstrated that NF-κB plays a causal role in allergic
airways inflammation and suggest that inhibition of NF-κB serves as a therapeutic target for
the treatment of acute or chronic pulmonary inflammatory disease states (29). However, these
studies failed to consider the anatomical location of NF-κB activation within the lung. NF-κB
activation has been demonstrated in lung tissue (30–33), and specifically within airway
epithelium, in animal models of allergic airway inflammation (6,7,34) and in patients with
asthma (8–13). Yet, conclusive evidence implicating the importance of NF-κB activity within
the airways in the etiology of allergic airways disease was lacking.

The studies presented herein are novel and important because of the selective targeting of NF-
κB repression in the epithelial cells of conducting airways, without affecting other cells of the
lung, nor the alveolar compartment (6). We demonstrate here that repression of NF-κB in
CC10-IκBαSR-expressing mice is sufficient to blunt the inflammatory response observed in
the OVA model of airways inflammation. Marked reductions in airway and tissue neutrophils,
eosinophils, and lymphocytes were observed in response to Ag in CC10-IκBαSR mice
compared with wild type. As expected, the reduced inflammatory response to Ag in transgenic
mice was accompanied by reduced expression of chemokines, including eotaxin-1 and CCL20,
which are important in recruitment and activation of inflammatory cells such as eosinophils
and CD4+ T lymphocytes, respectively. Many resident cell types of the lung are capable of
secreting eosinophil and lymphocyte chemoattractants in response to stimulation. We have
previously observed rapid and selective activation of NK-κB in airway epithelium of Ag-
sensitized and -challenged mice (6) and report herein that inhibiting NF-κB activation, via
phosphorylation of serines 32 and 36 of IκBα, selectively in these cells reduces the overall
magnitude of the inflammatory response to Ag challenge. Combined, these findings support
our notion of the central role of airway epithelial NF-κB activation in allergic airway
inflammation, but do not minimize the importance of additional signaling pathways, additional
cell types, and the complex interactions between them in dictating the pathophysiology of
allergic airway disease.

Surprisingly, the expression of IL-5 and IL-13, cytokines derived from Th2 lymphocytes and
total and Ag-specific Ig production were also attenuated following repression of NF-κB in the
airways, suggesting that NF-κB-dependent gene products generated by airway epithelium are
essential for maximal recruitment and stimulation of T and B cells in this model of allergic
airways disease. Although the capacity of airway epithelial cells to process and present Ag,
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resulting in proliferation of OVA-sensitized T lymphocytes, has been demonstrated in vitro
(35), the identity of the molecules responsible for lymphocyte stimulation remain unknown.
B7 family (36) and MHC class II (37) molecules are expressed by lung epithelial cells and are
putative candidates. In addition, cell-surface molecules such as VCAM-1 and ICAM-1,
necessary for leukocyte recruitment and their local activation, are inducibly expressed by
airway epithelial cells in response to stimulation with TNF-α or IL-1β, cytokines that signal
through activation of NF-κB (38). It remains unknown from our work whether in an immunized
mouse the airway epithelium can directly recognize Ag as a result of up-regulation of relevant
receptors on the epithelium, or that a product derived from mast cells or dendritic cells is
responsible for activating NF-κB in airway epithelial cells. Ag stimulation of bronchial
brushings from asthmatics rapidly induced NF-κB activation (10), giving additional credence
to the notion that airway epithelium, in a proper immunologically primed context, can directly
recognize Ag. Our prior demonstration of rapid and widespread activation of NF-κB in airways
following Ag challenge in sensitized mice (6), coupled to studies demonstrating that mast cell-
deficient mice display robust inflammation (39), suggest a direct role of airway epithelium in
Ag recognition, although additional studies are clearly needed.

One of the T cell cytokines that was attenuated in CC10-IκBαSR mice was IL-13, an important
stimulant of mucus production via the transcriptional up-regulation of the Muc-5/5ac gene
(25). While IL-13 does not require epithelial NF-κB activation to induce goblet cell metaplasia
(40), evaluation of mucus production in CC10-IκBαSR-expressing mice demonstrated lessened
PAS reactivity, illustrating that repression of NF-κB is an important strategy to attenuate mucus
production and potentially hypersecretion, likely through the reduced recruitment of IL-13-
producing Th2 cells to an appropriate lung compartment for stimulation subsequent to allergen
inhalation. The reduced number of lymphocytes recovered in the BAL fluid supports this
supposition. Alternatively, the possibility exists that Th2 cells are in the correct anatomic
location but lack sufficient NF-κB-dependent co-stimulatory signals from the airway
epithelium for optimal responsiveness. However, our current strategy failed to completely
prevent mucus production, suggesting that other pathways or cell types contribute to mucus
metaplasia in the mouse model of allergic airways disease, or that the residual inflammatory
response and IL-13 secretion that remains is sufficient to drive mucus production.

Despite the significant attenuation of parameters believed to be clinically relevant to the
pathophysiology of asthma, the airflow alterations that characterize airways
hyperresponsiveness were not affected in CC10-IκBαSR-expressing mice. These findings are
puzzling in light of the fact that the inflammatory state is currently believed to be integral to
the asthma disease process. It is possible that the residual inflammation and accompanying
secretion of mediators observed in the CC10-IκBαSR mice, or residual NF-κB activation that
still might occur in the airway epithelium, albeit not readily detectable, are sufficient to fully
drive the airways hyperresponsiveness. This implies that anti-inflammatory therapies would
have to be highly effective to correct changes in lung function. It is important to note that the
rat CC10 promoter targets expression of the transgene to conducting airways, while not
directing transgene expression to the alveolar compartment (14). Alveolar epithelial NF-κB
activation is unlikely to play a significant role in airflow alterations, given our previous
observations that alveolar NF-κB activation and inflammatory gene expression are minimal
(6). Our results show that NF-κB driven inflammation is uncoupled from airway
hyperresponsiveness, as has been previously reported in human subjects (41). This notion is
further supported by studies documenting that marked changes in allergen-induced airways
physiology can occur in the absence of airway inflammation (42,43). We have documented
that in the mouse the location of inflammation, whether peribronchiolar or alveolar, is critical
in driving airways hyperresponsiveness and showed that the alveolar or peripheral processes
dominate this response (15). A recent study published by our laboratory has demonstrated that
fibrin deposition in the lung is a major determinant of airway hyperresponsiveness, and that
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manipulation of the fibrinolytic cascade effectively modulates airway hyperresponsiveness
(44). Because fibrin deposition is unlikely to be modulated by airway epithelial NF-κB
activation, this would explain why airway hyperresponsiveness is retained in the CC10-
IκBαSR mice, despite reductions in many other features of asthma. The current study further
extends the previous work by implicating an alveolar-based process consistent with associated
transbronchial biopsy studies in humans (45). However, it must be kept in mind that the mouse
model employed herein is acute and while germane to the majority of patients in the onset of
mild asthma exacerbations may not represent the patient with more severe or other forms of
the syndrome (46–48).

In summary, this study demonstrates that NF-κB activation in airways drives a majority of the
Ag-induced inflammation and is a significant contributor to adaptive immune responses and
structural remodeling of the airway wall. In contrast, NF-κB activation in airways does not
appear to play a prominent role in the genesis of airways hyperresponsiveness, a cardinal
feature thought to underlie allergic airways disease. Alternative signaling pathways activated
in airways, residual NF-κB activity, or the residual inflammatory cells present in the CC10-
IκBαSR mouse lungs may be responsible for the observed airways hyperresponsiveness.
Alternatively, events localized more distally within the alveolar compartment, such as leakage
of macromolecules from the microvas-culature, alveolar injury, or surfactant dysfunction
(49–51), may dominate in the genesis of airways hyperresponsiveness. Thus, avenues that
effectively target these mechanisms and treatment modalities directed to the distal regions of
the lung will be essential to minimize airways hyperresponsiveness.
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FIGURE 1.
Immunolocalization of NF-κB in airway epithelial cells of allergen sensitized and challenged
mice. Frozen lung sections were prepared 48 h following the third daily aerosolized allergen
challenge of mock-sensitized (Alum/OVA) or OVA-sensitized (OVA/OVA) mice. Sections
were stained with an Ab directed against RelA (Santa Cruz SC-372) followed by incubation
with an Alexa 647-conjugated secondary Ab (pseudocolored green). A nuclear counter stain
(pseudocolored red) was used to evaluate nuclear localization of RelA, in which case green
and red merge to create yellow. Sections were scanned by confocal microscopy. Original
magnification of left and center images, ×400. WT, wild-type; Tg, CC10-IκBαSR mice. To
better illustrate the differences in nuclear NF-κB localization, the boxed areas of the center
panel images were magnified using a ×2.2 optical zoom and are shown on the right. Images
are representative of results from six mice per group.
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FIGURE 2.
Inflammatory cell recruitment and airway remodeling following Ag sensitization and
challenge. A, BAL fluid was collected and differential cell counts were performed 48 h
following the third daily aerosolized OVA challenge from OVA-sensitized (OVA/OVA) or
mock-sensitized (Alum/Ova) CC10-IκBαSR (Tg) or wild-type littermate control (WT) mice.
Values are means (± SEM) from 8 to 16 mice per group. **, p < 0.01; *, p < 0.05 compared
with values in WT OVA/OVA mice. Representative sections from paraffin-embedded lung
were stained using H&E (B) and PAS reagents to visualize mucus-producing (reddish-
purple) airway cells (C). Original magnification, ×400.
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FIGURE 3.
Production of chemokines, cytokines, and Ig following allergen sensitization and challenge.
Lungs, BAL fluid, and serum from OVA-sensitized (OVA/OVA) or mock-sensitized (Alum/
OVA) CC10-IκBαSR (Tg) mice, or transgene negative littermate control (WT) mice, were
collected 48 h following the third daily aerosolized OVA challenge. RNA was extracted from
lungs, reverse-transcribed, and analyzed by RPA using the commercial template mCK-5c
(Pharmingen) (A), or by semiquantitative PCR (B). Data are representative of results from two
separate experiments. (C) BAL fluid was analyzed by ELISA for the eosinophilic chemokine,
Eotaxin-1, or for T cell cytokines. Values are means (± SEM) from 8 to 16 mice per group. nd,
Not detectable. D, RNA was collected from lungs, reverse-transcribed, and analyzed for
Eotaxin-1 relative to HPRT mRNA expression by semiquantitative TaqMan PCR from three
to five mice per group. E, Serum was analyzed for total IgE and OVA-specific IgE, IgG1, and
IgG2a by ELISA. Values are mean optical densities (± SEM) from five mice per group. **, p
< 0.01; *, p < 0.05 compared with values from WT OVA/OVA mice.
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FIGURE 4.
Assessment of airways hyperresponsiveness following allergen sensitization and challenge.
Pulmonary hyperresponsiveness was analyzed in mock-sensitized (Alum/OVA, open symbols
and broken lines) or OVA-sensitized (OVA/OVA, filled symbols and solid lines) CC10-
IκBαSR (Tg, squares) or transgene negative littermate control (WT, circles) mice 48 h following
the third daily aerosolized OVA challenge. Hyperresponsiveness to ascending doses of
nebulized methacholine was assessed from forced oscillations and determined as Rn (airway
resistance, A) and H (tissue elastance, B). As derived from the constant phase model, data are
expressed as the percent change from baseline measurements (± SEM) for each of the
parameters measured, are inclusive of results from three separate experiments, and comprised
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of 11–13 mice per group. Baseline measurements before methacholine were found not to be
significantly different between any of the groups (data not shown).
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