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Abstract
NF-kB is a critical transcription factor for the production of many inflammatory cytokines. It is
activated in the airway epithelium of human asthmatics and in mice after allergic stimulation. To
examine the role of NF-kB activation in allergic inflammation we generated transgenic mouse
lines that allowed for the inducible stimulation of NF-kB in airway epithelial cells. After allergic
sensitization with ovalbumin and alum, mice were challenged daily with ovalbumin aerosols and
NF-kB was activated in airway epithelium by administration of doxycycline. Enhancement of
airway epithelial NF-kB expression alone did not lead to increased airway responsiveness to
methacholine. However induction of epithelial NF-kB during allergic inflammation caused airway
hyperresponsiveness, increased airway neutrophilic and lymphocytic inflammation and goblet cell
hyperplasia. Accompanying the exaggerated inflammation was an increase in the cytokines, G-
CSF, IL-15, and KC. Interestingly, the counter regulatory interleukin, IL-10, was suppressed by
NF-kB activation. The epithelial NF-kB dependent modulation of these cytokines provides a
plausible explanation for the increased inflammation seen with overexpression of NF-kB.
Modulation of airway epithelial NF-kB activation enhances the airway hyperresponsiveness and
mucus secretion found in the mouse lung during allergic inflammation. NF-kB represents a
potential target for pharmacologic intervention in human asthma.

Introduction
The ubiquitous transcription factor complex, nuclear factor kappa B (NF-kB), is necessary
for directing high level transcription of many cytokines, adhesion molecules, and other
proinflammatory proteins. Expression of NF-kB is increased in the airway epithelium of
human asthmatics and in the lungs of allergically sensitized and challenged mice [1-4].
Inhibitors of NF-kB activation diminish the influx of inflammatory cells and reduce the
airway responsiveness provoked by allergic inflammation [5-12]. Transgenic mice, with
expression in Clara cells of a dominant negative IkB resistant to phosphorylation induced
degradation, had less inflammation to allergic stimuli but retained increases in airway
constrictor responses [13]. The effect of NF-kB activation, as opposed to inhibition, in
airway epithelial cells during allergic inflammation is uncertain. To determine the effect of
enhanced epithelial cell NF-kB signaling in allergic inflammation we utilized a tetracycline-
inducible transgenic mouse with targeted expression of a constitutively active form of IκB
kinase 2 in airway epithelium which allowed tissue specific conditional over expression of
NF-kB [14]. Inducing NF-kB with doxycycline (dox) just prior to the initiation of
sensitization and challenge with ovalbumin caused increased lung mechanics responses to
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intravenous methacholine and increased cellular inflammation in the lung. We conclude that
NF-kB signaling in the epithelium alone is capable of modulating bronchial responsiveness
and airway inflammation during allergen challenge. Inhibition of airway epithelial NF-kB
could be a means of diminishing asthma severity.

Materials and Methods
Transgenic mice

The production of the inducible transgenic mouse line has been described previously [14]. In
brief, a mutated constitutively activated human IKK2 (gift of Dr. F, Mercurio, Signal
Pharmaceutical, San Diego CA) coupled to a tetracycline promoter and a CC10 promoter
controlled transcriptional silencer were co-injected into FVB mice by the Vanderbilt
transgenic core laboratory. These mice were then bred with FVVB mice bearing the CC 10-
rTTA (gift of Dr. J. A. Whitsett, University of Cincinnati, Cincinnati, OH) to allow non
leaky tetracycline inducible airway epithelial specific activation of NF-kB. These triple
transgenic mice were called IKTA mice. All mice were treated humanely and in accordance
with the federal and state government guidelines, and their use was approved by the
Vanderbilt Institutional Animal Care Committee.

Protocol
Groups of 3-5 transgene positive mice and 3-5 control mice were studied in parallel. Control
mice were either FVB mice or transgenic mice lacking the CC10-rTTA transgene. Mice
were sensitized by intraperitoneal injections of ova and alum on days 0 and 7, and on day
fourteen began daily aerosols of 1% ovalbumin (Sigma Chemicals, St. Louis, MO) as
described previously [15]. Doxycyline 0.5mg/ml in 2% sucrose was administered to the
mice in their drinking water beginning on the day of the first aerosol challenge. Lung
cytokines were measured on days 5 and 7 of ova aerosol challenge, and airway mechanics
were determined on day 9.

Lung Mechanics
Mice were anesthetized by intraperitoneal injection of 85mg/kg of sodium pentobarbital. A
tracheostomy tube was placed and the internal jugular was canulated with a silastic catheter
to administer methacholine. Mice were placed in a whole body plethysmography chamber
(Buxco Electronics, Troy, NY) and mechanically ventilated with a Harvard rodent ventilator
(model 683, Southnatick, MA). The ventilation rate was 200 breaths per minute with a tidal
volume of 5-6ml/kg and an end expiratory pressure of 2cm H2O. Lung volume changes and
pressure changes were measured with differential pressure transducers (Buxco Electronics).
Total respiratory resistance and compliance were calculated using BioSystem XA software
(Buxco Electronics). Acetyl-B-methacholine (Sigma-Aldrich Chemical Company, St. Louis,
MO) was dissolved in normal saline and administered intravenously at a starting dose of 5
ug per kilogram of mouse weight. Three-fold increasing concentrations were administered at
2-3 minute intervals when the resistance had returned to baseline.

Bronchoalveolar lavage
Saline (0.9ml) was instilled into anesthetized mice via a tracheotomy. The lungs were gently
massaged, and the fluid was withdrawn. Cell number was determined, and slides were
prepared by Cytospin (Thermo-Shandon). After air drying and staining with Hema 3
(modified Wright-Geimsa stain kit) differentials were enumerated.
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Histology
Lungs were perfused through the right ventricle with saline, inflated with 4%
paraformaldehyde and fixed overnight. The tissue was dehydrated through graded alcohol
and embedded in paraffin. 5 μm paraffin sections of the lung tissue were stained with
hematoxylin and eosin, or with PAS for detection of mucin. Slides were reviewed by a
pathologist blinded to the investigation. Special attention was given to analysis of general
signs of inflammation and airway epithelium alterations. Semi-quantitative scores of
inflammation and goblet cell hyperplasia were performed. Inflammation was assessed by
analysis of ten sequential non-overlapping tissue fields using x200 magnification. Each
tissue field was scored using a 0 to 4 point system (0, normal lung parenchymal architecture;
1, increased thickness of single interalveolar septa with interstitial edema and accumulation
of inflammatory cells; 2, increased thickness of 50% or more interalveolar septa with
luminal accumulation of inflammatory cells; 3, thickening of interalveolar septa with
luminal accumulation of inflammatory cells and formation of isolated inflammatory cell
aggregates; 4, formation of inflammatory patches with local distortions of lung parenchymal
tissue). Mean scores for all fields were calculated for each mouse. Goblet cell hyperplasia
was measured by individual assessment of each airway in the tissue section. Each airway
was scored using a 0 to 4 point system (0 - no goblet cells between lining airway epithelial
cells, 1 - for < 5% goblet cells, 2 - for 5-10% goblet cells, 3 - for 10-25% and 4 - for more
than 25%). Mean scores for all analyzed airways were calculated for each animal.

Cytokine Measurements
Whole lungs were perfused via the right ventricle till the effluent was clear. Lungs were then
removed, ground (Tissuemizer, Tekmar), and the supernatant stored in aliquots for
measurement of cytokines with a LINCOplex mouse cytokine/chemokine kit (MILLIPORE,
St. Charles, MO) using fluorescently labeled microsphere beads and a Luminex reader
(Luminex Corp., Austin, Texas) by multiplex techniques. Cytokines measured were
MIP-1α, GM-CSF, MCP-1, mKC, RANTES, IFN-y, mIL-1ß, IL-1α, G-CSF, IP-10, mIL-2,
IL-4, IL-5, IL-6, IL-7, IL-10, IL-12, TNF-α, IL-9, IL-13, IL-15, IL-17.

IgE
Total IgE was measured in serum by ELISA [15].

Statistics
Comparisons between groups were made by paired t test unless the data were non randomly
distributed, when the non parametric Mann Whitney U test was used. A two way analysis of
variance with repeated measures analysis was used to compare methacholine dose response
curves, with a post hoc test used to examine differences at each dose. Data are expressed as
mean ± SEM. Significance was accepted at P < 0.05. Graph Pad Prism (San Diego, CA) was
the statistical software utilized.

Results
Induction of NF-kB alone does not cause increased responsiveness to methacholine Mice
with induction of NF-kB in airway epithelial cells in the absence of allergic inflammation
had slightly increased baseline resistance compared with controls (1.87 ± 0.16 cmH2O/ml/
sec vs 1.31 ± 0.03, P < 0.02 by unpaired t test). Normalizing the methacholine response
curves to baseline airway resistance revealed no difference in the airway reactivity of IKTA
mice with induction of epithelial NF-kB compared to control (P=0.8 by two way analysis of
variance with repeated measures). (Fig.1). As we have shown previously the induction of
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NF-kB resulted in an increase in the cellularity of bronchoalveolar lavage (BAL) fluid with
a predominance of neutrophils and no eosinophils (data not shown) [14].

Induction of NF-kB during ovalbumin aerosol challenge increases pulmonary inflammatory
cell number and responsiveness to methacholine

Doxcyline alone does not alter the lung mechanics responses or BAL cellularity of ova
sensitized and challenged FVB mice (data not shown). Induction of NF-kB in epithelial cells
in sensitized IKTA mice given dox during the ovalbumin aerosol challenge resulted in a
significant increase in lung mechanics responsiveness to methacholine compared with mice
sensitized and challenged with ovalbumin alone (Fig. 2). The number of inflammatory cells
in bronchoalveolar lavage fluid was dramatically increased in the IKTA mice (24.2 ± 8.8 ×
105/ml, n=5) vs control mice (1.1 ± 0.2 × 105/ml, n=8, P < 0.05) The absolute number of
lymphocytes and neutrophils was markedly increased in IKTA mice (Fig. 3). There was no
statistically significant increase in eosinophils. The increase in inflammatory cells in these
ova challenged mice during NF-kB activation suggests an important enhancing effect of
epithelial NF-kB on the development of allergic inflammation. Histological examination of
hematoxylin and eosin stained tissue sections revealed more intense cell infiltration in the
lung parenchyma of mice receiving both ovalbumin and dox compared to mice receiving
only ovalbumin (Fig. 4). Goblet cell hyperplasia was more intense in mice receiving both
ovalbumin and dox. Serum IgE at Day 9 was higher in the IKTA mice (4.4 ± 1.3 μg/ml, n=7
vs 8.0 ± 1.5, n=6), but this difference was not statistically significant (P = 0.09).

NF-kB activation during ovalbumin challenge modulates lung cytokines
To explore the possible mechanism of NF-kB enhancement of allergic inflammation and
lung responsiveness to methacholine, lung supernatants were analyzed by multiplex
technology for cytokines. Interestingly the cytokine IL-10 which has been associated with
down regulation of allergic inflammation was suppressed on days 5 and 7 by activation of
NF-kB in airway epithelial cells (Fig. 5). IL-9 was less than that of control mice on Day 5
(146 ± 27 pg/ml vs 288 ± 42 (P<0.05)) but did not differ on Day 7 (Table 1). Other
cytokines which were significantly different on either day 5 or 7 from dox treated mice are
given in Table 1. Neither IL-13 nor IL-4 differed between the dox treated and control mice

Discussion
Activation of NF-kB in airway epithelial cells in mice not undergoing allergen challenge
resulted in a small increase in baseline respiratory system resistance but no increased
responsiveness to methacholine (Fig. 1). We have previously shown that induction of NF-kB
in murine epithelial cells results in the influx of inflammatory cells such as neutrophils
which are typically associated with innate immune responses [14]. Neutrophilia is also seen
in the setting of ozone exposure where airway responsiveness to non specific agonists such
as methacholine is increased, and airway epithelial cell NF-kB is activated [16-19].
Likewise there is increasing evidence that human severe asthma is accompanied by airway
neutrophilia, perhaps mediated by epithelial cell damage and activation of NF-kB [20].

We have shown previously that activation of NF-kB in airway epithelial cells of mice ex
vivo leads to increased expression of IL-6, G-CSF, GM-CSF, MIP-2, Keratinocyte-derived
chemokine (KC), and RANTES [14]. In vivo activation resulted in elevation in
bronchoalveolar lavage fluid of a further group of cytokines, IL-1α, IL-1β, and IL-12p40.
This latter group of cytokines may have been produced indirectly through recruitment or
activation of inflammatory cells in the lungs [14]. During ova induced allergic
inflammation, NF-kB activation results in an increase in airway inflammation, goblet cell
hyperplasia and airway hyperresponsiveness to methacholine. This was accompanied by
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increases in lung KC, G-CSF as well as increased IL-15 and lower amounts of IL-10 and
IL-9. Because the last three cytokines were not found with NF-kB induction alone, we
speculate that interaction of NF-kB pathways and others activated during allergic
inflammation interact to yield this cytokine milieu. We suggest that these cytokines and the
subsequent neutrophilia resulted in the airway hyperresponsiveness during allergic
inflammation and NF-kB activation.

Allergic inflammation in the mouse lung results in the induction of a number of cytokines
including canonical Th 2 cytokines, IL-4, IL-5 and IL-13. As reported here, the
overexpression of NF-kB in airway epithelial cells during allergen challenge results in
modulation of several potentially important cytokines. Similar to the findings in NF-kB
overexpression alone, we found increases in murine KC and G-CSF after allergen challenge
in the NF-kB induced mice compared with control mice. However no significant differences
in IL-6, GM-CSF, MIP-2 or RANTES were found. On the other hand IL-15 was elevated on
Day 5. Of the three cytokines found to be increased by transgene activation of NF-kB, each
could plausibly contribute to the documented increase in allergic inflammation.

Keratinocyte-derived chemokine (KC, CXCL1) is a major chemoattractant for neutrophils
and is similar to human IL-8 in its functions. Antibody blockade of KC in conjunction with
blockade of MIP-2 reduced the neutrophilia and IgE production caused by allergic
sensitization and challenge in mice [21, 22]. The human counterpart of KC, IL-8, was
increased in the sputum from asthmatics with predominant neutrophilia [23]. Likewise G-
CSF is important for neutrophil influx and is elevated together with IL-8 in epithelial cell
supernatants from patients with asthma [24]. Although traditionally the eosinophil has been
associated with asthma, the neutrophil is now thought to be involved in more severe cases of
asthma [20]. Airway neutrophils have been found in certain subtypes of severe asthma and
in those with status asthmaticus [25, 26].

IL-15 is a pleiotropic cytokine that activates mast cells, eosinophils, and T and B
lymphocytes. It is produced by epithelial cells, macrophages, and dendritic cells and appears
to be under the control of NF-kB [27]. Treatment of mice with the soluble receptor for IL-15
blocks allergic inflammation and Th1 mediated collagen induced arthritis [28, 29]. Thus the
increase we discovered in IL-15 in the IKTA ova challenged mice may have contributed to
the increased inflammation. IL-4 and IL-13 are critical type 2 cytokines that have been
shown to be important for the regulation of allergic inflammation in mice, yet the levels of
these cytokines did not differ between the NF-kB overexpressing and control mice. Thus it
appears that other mechanisms, such as the reduction of IL-10, are involved.

IL-10 is produced by a number of cells, including T regulatory cells, dendritic cells,
macrophages and epithelial cells. Although IL-10 is not thought to be under the direct
control of NFκB, the level of this important cytokine was diminished by NF-kB activation
on both day 5 and day 7 of ovalbumin inhalation challenge. IL-10 is of particular relevance
for allergic inflammation as it appears to be capable of downregulating inflammation in
mouse models [30-32]. Human regulatory T lymphocytes may suppress allergic
inflammation by secreting IL-10 [33]. A decrease in IL-10 secreting peripheral blood
monocytes has been found in severe asthma [34]. Thus the decrease in Il-10 found in the
IKTA dox treated mice may have reduced the restraint normally exerted by IL-10 on allergic
inflammation.

Activation of epithelial NFκB during ova challenge caused a non significant increase in IgE
and eosinophilia without altering the levels of the classic Th2 cytokines, IL-4 and IL-13,
which are known to be critical for allergic inflammation in the mouse. This finding implies a
cooperation between the Th2 pathways and those typically associated with innate immunity
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to produce heightened allergic inflammation. For example the inflammatory response to
inhaled endotoxin is reduced by inhibition of NFκB [35]. Recently Kim and colleagues have
reported that endotoxin enhanced the airway responsiveness and IgE production caused by
ova, and increased the numbers of neutrophils in bronchoalveolar lavage fluid [36]. This
suggests that endotoxin working via airway epithelial NFκB activation increases allergic
responsiveness. However they found that IL-12, IFN-γ and TNF-α were elevated in
association with endotoxin and we found no differences in these cytokines with induction of
NFκB. Thus there are other mechanisms, perhaps via KC, G-CSF, IL-15 and IL-10, by
which NF-kB activation in epithelial cells can influence allergic inflammation. Similar
findings in man have been reported by Peden and colleagues, who demonstrated heightened
responses to inhaled allergen in atopic asthmatics inhaling low doses of endotoxin [37, 38].
Endotoxin does appear to activate human airway epithelial cell NFκB [39]. Thus these
results and others demonstrate that inflammation driven by non Th2 mechanisms can
enhance allergic inflammation. Others have demonstrated that induction of inflammation by
non Th2 mechanisms can inhibit allergic inflammation [40]. This surely suggests that
genetic background, timing and severity of exposure must play a role in determining the
outcome.

Since preparation of this manuscript, Janssen-Heininger and colleagues have reported on
their findings in a similar transgenic mouse system [41]. They found that activation of NF-
kB alone caused inflammation and increased responsiveness to methacholine aerosol
challenge. Likewise activation of NF-kB in ova challenged mice resulted in increases in KC
and methacholine responsiveness. However we did not find the increases in IL-17, IL-4 or
MIP-1β which they report. Unlike their findings we found an increased cellular
inflammation and goblet cell hyperplasia in the NF-kB activated mice. The differences in
our results, which are otherwise congruent, could have resulted from the background of the
mice (FVB vs C57/BL6J) and the intensity of the transgene expression.

Our data demonstrate that NF-kB induction in airway epithelial cells profoundly increases
inflammation in the mouse lung during allergen challenge. In concert with previous work,
these findings implicate NF-kB signaling in the airway epithelium as a critical pathway for
asthma and airway hyperresponsiveness. NF-kB is a central transcription factor for the
production of numerous inflammatory proteins. The airway epithelial cell is strategically
placed to function as part of the immune system response to inhaled agents. Here we show
that working via NF-kB activation, the epithelial cell produces proteins that enhance the non
specific airway reactivity and goblet cell hyperplasia characteristic of asthma. Using
pharmacologic agents or genetic approaches several investigators have shown that inhibition
of NF-kB reduces allergic inflammation in mice. These data all point to epithelial NF-kB
regulation as an important modulator of allergic inflammation. Thus agents targeting
epithelial NF-kB may have a role in the therapy of human asthma.
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Figure 1.
IKTA mice (n=5) given dox for 6-9 days prior to measurement of lung mechanics had
increased baseline Rrs compared with control mice given dox (FVB wild type mice (n=2) or
mice with the rTTA transgene but not bearing the IKK transgene (IKK+/rTTA-) (n=2) (1.87
± 0.16 cmH2O/ml/sec vs 1.31 ± 0.03, P<0.02 by unpaired t test))). When normalized to this
baseline increase, the responses of the two groups of mice to methacholine were not
different (P=0.08 by two analysis of variance with repeated measures). The data from the
control mice were combined.
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Figure 2.
IKTA mice (n=6) sensitized and challenged with ova during NFKB activation had
significantly greater respiratory system resistance to intravenous methacholine than
identically treated control mice with the rTTA transgene not bearing the IKK transgene
(open squares, n=4) and FVB mice (open circles, n=4). * indicates P < 0.05 by repeated
measures ANOVA with post hoc Bonferroni test.
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Figure 3.
Absolute cell numbers in bronchoalveolar lavage fluid in ovalbumin sensitized and
challenged mice given doxycycline (n+5) and FVB wild type mice (n=4).There was no
difference in the results of the IKK+/fTTA- mice and those of the FVB wild type mice. The
responses of these two control groups were combined for analysis by unpaired t test. The
IKTA mice had greater numbers of lymphocytes and eosinophils than control mice. *
indicates P < 0.05 Although the IKTA mice had increased numbers of eosinophils this
difference was not statistically significant. (P=0.058)
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Figure 4.
Histology of lungs from IKTA mice (n=3) and control mice (n=4) sensitized and challenged
with ovalbumin and treated with doxycline at Day 9 revealed increased inflammation and
goblet cell hyperplasia in IKTA mice. * indicates P < 0.05
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Figure 5.
Interleukin 10 levels measured by multiplex techniques in lung homogenates from control
(n=4) and IKTA (n=3) mice at Day 5 or 7 of ovalbumin challenge with dox treatment. IL-10
levels were significantly lower at both days in IKTA mice. * indicates P < 0.05
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