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Abstract

assessed histologically.

recruitment in response to inflammatory challenge.

Background: IKK-2 activity is essential for cytokine mediated NFkB activation and subsequent expression of a
wide variety of inflammatory genes. To investigate the role of IKK-2 signalling in lung epithelium we have developed a
knock out mouse in which we have specifically deleted the IKK-2 gene in lung epithelial cells.

Materials and Methods: IKK-2 KO mice and littermate control animals were challenged with either nebulised
Lipopolysaccharide (LPS) or with Cigarette Smoke Extract (CSE). Cytokines and inflammatory cells were assessed
in Bronchoalveolar Lavage Fluid (BALF) and tissue inflammatory cells, markers of apoptosis and general pathology

Results: BALF neutrophils were reduced by 63% at 4 hours and 67% at 8 hours following LPS challenge in
the IKK-2 KO animals (P<0.001). Immunocytochemical analysis showed no difference in neutrophil numbers within
pulmonary tissue between the groups or any evidence of increased apoptosis. BALF neutrophils were also reduced
below control values in the IKK-2 KO mice in response to CSE compared to littermates animals (P<0.005).

Conclusion: Mice lacking IKK-2 in the pulmonary epithelium recruit fewer neutrophils into the airways in response
to both LPS and CSE challenge, suggesting that the epithelium participates in airway inflammatory neutrophil
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GM-CSF: Granulocyte Macrophage Colony Stimulating Factor;
ICAM: Intercellular Adhesion Molecule; IFN: Interferon; IKK-2: I-kB
Kinase; IL: Interleukin; KC: Keratinocyte-derived Cytokine; LPS:
Lipopolysaccharide; MCP: Monocyte Chemotactic Peptide; MS: Mass
Spectrometry; NEMO: NF-kB Essential Modulator; PBS: Phosphate
Bufferede Saline; RT-PCR: Reverse Transcription Polymerase Chain
Reaction; rtTA: Reverse Tetracyclineresponsive Transactivator; TNF:
Tumour Necrosis Factor; WT: Wild Type

Background

The I-kB kinase (IKK) complex is a ~900-kDa multiprotein
complex that is responsible for signal-dependent phosphorylation of
IkB. It contains two catalytic subunits I-kB kinase-a and I-«B kinase-f3
(IKK-B; IKK-2), and an essential regulatory subunit, NF-kB Essential
Modulator (NEMO) [1-3]. Gene targeting experiments have established
that activation of IKK-2 leads to a rapid and transient translocation of
active nuclear factor-kB (NF-kB; RelA/p65-p50) to the nucleus and
transcription of pro-inflammatory genes. Cells lacking IKK-2 display
almost no p65/p50 nuclear binding in response to pro-inflammatory
mediators such as tumour necrosis factor-a (TNF-a) or interleukin-1
(IL-1) [4,5].

Respiratory virus infection, allergens, bacteria, cigarette smoke
and proinflammatory cytokines that have all been implicated in the
inflammatory response observed in asthma and COPD, can activate
nuclear factor-kB (NF-«kB) [6]. Prednisolone has been shown to inhibit
NF-«B activation in alveolar macrophages from patients with asthma
with a corresponding decrease in the release of the inflammatory
mediators, interleukin (IL)-8, TNFa and granulate-macrophage colony-
stimulating factor (GM-CSF) [7]. Expression of the adhesion molecule
intercellular adhesion molecule-1 (ICAM-1) on epithelial cells is highly

dependent upon the NF-kB pathway [8]. The NF-«B pathway has also
been implicated in the control of neutrophil chemotaxis and apoptosis,
as well as T-cell, macrophage and epithelial cell function [9,10].
Furthermore, NF-kB inhibitors can regulate airway smooth muscle
proliferation and various other factors involved in airway remodelling
in an animal model of asthma [11].

In clinical studies, persistent activation of NFkB and inhibition
of IKK-2 have been reported in patients with uncontrolled asthma
[12,13]. NF-kB has also been found to be activated in sputum cells
from patients with stable COPD, and further increases in activation are
observed during exacerbation [14]. Furthermore, neutrophils isolated
from the sputum of COPD patients and smokers show elevated NF-
kB compared with those from non-smokers, which was associated with
impaired apoptosis [15].

Neutrophilic lung inflammation has frequently been modelled
pre-clinically by exposure to Lipoploysaccharide (LPS) or cigarette
smoke [16]. Cigarette smoke exposure is usually performed either by
a ‘nose only” or by a ‘whole body’ methodology, but neither the type
of cigarettes, the number of cigarettes/day nor the duration of the
exposure is standardized. The obvious advantage of these models is that
the whole cigarette smoke stimulus bears a direct resemblance to smoke
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exposure in humans. However, whole body exposure lacks the specific
organ targeting associated with cigarette smoking and requires the use of
complicated and expensive smoke exposure apparatus. One alternative
is to generate an aqueous extract of cigarette smoke that enables dosing
specifically to the lung area. We have developed a 5-day intranasal
challenge mouse model using aqueous extract of cigarette smoke based
upon data from a recent study that showed 40 day challenge increased
lung neutrophil and lymphocyte count, KC, TNF-a and mucin [17].
CSE exposure in mice elicits airway neutrophilia, upregulation of
muc5AC, and is sensitive to both PDE4 and p38 inhibition, but not to
treatment with steroids [18]. It therefore bears many of the hallmarks of
traditional cigarette exposure models.

The aim of this study was to assess the contribution of IKK-{
to pulmonary inflammation elicited by either LPS or CSE in mice
specifically lacking IKK-f in the lung epithelium.

Materials and Methods
Chemicals

Research Cigarettes (2R4F) were purchased from the Tobacco
Research Institute (University of Kentucky, Kentucky, USA). All other
regents were purchased from Sigma unless otherwise stated.

Animals

The gene encoding IKK-2 was selectively deleted in airway
epithelial cells by using the Cre/loxP procedure in mice containing
IKK-2 flanking loxP sites as described previously [19]. Briefly, floxed
IKK-2 mice were mated to SP-C/rtTA mice that express two transgenes,
one that expresses the reverse tetracyclineresponsive transactivator
(rtTA) under control of the human SP-C promoter, and the second
that expresses Cre under control of the tet-operator. These mice were
back-crossed onto the C57BL/6 background for 10 generations. The
SP-C promoter directs gene expression exclusively to the pulmonary
epithelium. When doxycycline is administered to pregnant dams, IKK-
2 is deleted in airway epithelium in progeny that expresses both of the
transgenes and that contains the floxed IKK-2 gene.

Mice were housed and handled according to Home Office legislation
and subject to local ethical review and regulations. Food and water were
permitted ad libitum.

In situ hybridisation

Paraffin-embedded tissue was cut, deparaffinized, rehydrated and
acetylated. Sections were then overlaid with the hybridization solution
containing **S-labelled antisense or, for control, sense probes. Slides
were then dipped into Kodak NTB-2 solution, exposed for autoradi-
ography, counterstained and microscopically evaluated. RNase protec-
tion assays as were performed as described previously [20]. For poly-
merase chain reaction with reverse transcription (RT-PCR) analysis
the following primers were used: mouse IKK-2, 5-CTGAAGCAGC-
TAT GGCAACT-3 and 5-GGATGCTCTCATCTGGACAG-3’; mouse
actin, 5-TAAAACGC AGCTCAGTAACAGTCCG-3’ and 5-TG-
GAATCCTGTGGCATCCATGAAAC-3’

LPS Administration

Animals were placed into a 45 litre exposure chamber. Aerosols
were generated using a Pulmi-Sonic nebuliser (DeVilbis) containing
10 ml of Img/ml LPS (Escherichia coli, serotype 0111:B4) dissolved in
saline that had been pre-warmed to 37°C. The nebuliser was switched
on for 15 min and the resulting aerosols were pumped into the exposure
chamber by a small animal ventilator (Harvard; tidal volume 5 ml,

rate 160 strokes/min). The nebuliser was connected to the exposure
chamber with the inlet at the top, such that the mist entered at the top
and descended over the animals. After 15 minutes the ventilator and
nebuliser were turned off and the animals were kept in the chamber to
breathe the mist for a further 15 min.

CSE Preparation

CSE was prepared daily in a custom designed smoking apparatus
that consisted of 2 compartments. A lighted cigarette was placed within
a glass “smoking chamber” from which side-stream smoke could be
evacuated through an activated carbon filter. Mainstream smoke was
withdrawn from the cigarette under negative pressure from a peristaltic
pump and passed through Dulbeccos phosphate buffered saline w/o
calcium or magnesium (PBS) within a glass “collection chamber” and
finally evacuated through a second activated carbon filter. Cigarettes
were smoked to within 3 mm of the cigarette filter, with an average burn
time of 7 minutes, before being extinguished. Smoke from 3 cigarettes
was drawn through 3ml of PBS.

Cigarette smoke extract was extracted into an equal volume
of dichloromethane and the soluble content analysed by Gas
Chromatography (GC) coupled with Flame Ionisation Detection (FID)
and Mass Spectroscopy (MS). Five peaks were consistently identified
within CSE by GC-FID, the second most abundant being identified by
GC-MS as nicotine. Additionally, the spectrophotometric absorption
of each preparation was measured and recorded to ensure consistency.

CSE Administration

Mice were placed in an anaesthetic chamber and exposed to
2.5% isoflurane in 100% O,. Intranasal instillation was performed by
scruffing the mouse and pipetting 50 ul of CSE onto the nostrils of the
animal as it was held in a vertical position. The anaesthetized animal
inhaled CSE spontaneously before being placed back in the cage in an
inclined position for recovery.

Bronchoalveolar lavage (BALF) and cell count

Mice were killed by 0.1 ml i.p. PentoJect® anesthesia overdose. The
thoracic cavity was opened and blood withdrawn by cardiac puncture.
The trachea was cannulated with a 20GA Insyte I.V. catheter (Becton
Dickinson, Oxford, UK) and the lungs lavaged with 4 x 0.5 ml PBS
containing 10 mM EDTA. Lavages from individual animals were
pooled and yielded a consistent return of approximately 1.9 ml that
contained 90% of available cells (data not shown). BALF was diluted 1:1
in trypan blue and cell density counted in a haemocytometer. Cytospins
were prepared on microscope slides (Thermo Shandon, Runcorn, UK),
air dried and stained with DiffQuik (Dade Behring, Milton Keynes,
UK). Differential cell counts were performed manually using a light
microscope counting at least 300 cells from each slide. The remaining
BALF sample was centrifuged and the cell-free fraction frozen at -20°C
for cytokine analysis.

Cytokine assays

Murine TNF-a , KC, IL-1f, IL-6, IL-10, IL-12 and IFN-y were
measured in serum and lavage samples using a pro-inflammatory
multiplex chemiluminescent immunoassay kit (Meso Scale Discovery,
Gaithersburg, MD) according to instructions.

Histology and immunostaining

Lungs and trachea were excised and inflation fixed with 10%
Neutral buffered formalin. All lung samples were fixed for 24 hours
before being processed into paraffin wax overnight (VIP, Sakura
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Finetek U.S.A., Inc) and embedded into paraffin wax blocks. 4 um thick
sections were cut and floated out onto glass slides, before being dried
overnight at 37°C. Sections were stained immunohistochemically for
RelA (mouse anti RelA (R&D Systems MAB5078)), visualised with
3,3’-diaminobenzidine and counterstained with haematoxylin.

Statistical Analyses

Analysis of variance was used to determine statistical significance
unless stated. Analysis was performed using LabStats, a Microsoft Excel
add-in created by the Biostatistics and Reporting Group at Sandwich
Laboratories in collaboration with Tessella Support Services plc
(Abingdon, Oxon, UK).

Results
IKK-2 KO mice

In situ hybridisation in lung tissue from mice that express the raTA
and Cre transgenes and the floxed IKK-2 gene but did not receive
doxycycline in utero showed IKK-2 mRNA in the epithelium, whereas
IKK-2 KO mice that did receive doxycycline in utero demonstrated an
absence of epithelial IKK-2 mRNA (Figure la-d). Southern blot analysis
confirmed a reduction in lung IKK-2 mRNA from the same animals
(data not shown). Knockout of IKK-2 throughout the lung epithelium
did not cause any specific pathology as compared to WT controls in
unchallenged animals (data not shown).

Pulmonary inflammation in IKK-2 KO mice following LPS
exposure

Following inhaled LPS challenge, pulmonary neutrophils in
littermate control mice were significantly increased in BALF at 4, 8
and 24 hours post-exposure, peaking at the 8 hour time point (Figure
2). IKK-2 KO mice exhibited a significant reduction (63% and 67%
less) at the 4 hour and 8 hour time points respectively, compared to
littermate control animals (P<0.05). It is possible that the lower levels
of airway neutrophils in the IKK-2 KO mice may be as a result of tissue
accumulation of cells. However, imunocytochemical analysis showed
no difference in neutrophil numbers within pulmonary tissue between

Lung sections from mice expressing raTA and Cre transgenes and the floxed
IKK-2 gene that did not receive (a and c) or that received (b and d) doxycycline
in utero were probed by in situ hybridisation for IKK-2 mRNA. Sections were
counterstained with haematoxylin and eosin. Images of x20 (a and b) and x40
(c and d) magnification are shown.

Figure 1: IKK-2 KO Mouse in situ hybridization.
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Mice were challenged with aerosolised LPS and killed at various time points
post-challenge. Lungs were lavaged and neutrophils counted. Values are
geometric mean + SEM of 4 animals. *P<0.05 (vs littermate control animals)

Figure 2: BALF neutrophil counts post-LPS challenge.
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Lung sections from IKK-2 (A) and litermate controls (B) four hours after
exposure to LPS were stained for myeloperoxidase and neutrophil density
quantified by Definiens image analysis software (C and D). Images of x20
magnification are shown. The geometric mean neutrophil count (+SEM) for
both groups at each time point is shown (E)

Figure 3: Immunocytochemical staining and quantification of tissue
neutrophils.

the groups at any time point (Figure 3) suggesting that the observed
reduction in neutrophil count was not due to inhibition of migration
between capillary and airspace with subsequent retention within the
pulmonary tissue.
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There was a significantly lower level of the neutrophil chemokine
KC in the BALF of IKK-2 KO animals compared with controls 1
hour post-LPS challenge, but not at subsequent time points (Table
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Lung sections from IKK-2 (A) and littermate controls (B) twenty four hours
after exposure to LPS were stained for active caspase-3 and area positively
stained quantified by Definiens image analysis software (C and D). Images of
x20 magnification are shown. The geometric mean of the ratio of positively:
negatively stained areas (+SEM) for both groups at each time point is shown (E)

Figure 4: Immunocytochemical staining and quantification of active caspase-3.

1). Interestingly, in the KO animals, increased levels of TNF-a were
observed at the 2 hour time point, and increased levels of IL-6 and IL-
10 observed at the 4 hour time point compared to control animals.

Caspase-3 activation in IKK-2 KO mice following LPS
exposure

NF-kB has a complex role in the regulation of apoptosis and
activation of p65/p50 has been associated with both anti- and pro-
apoptotic effects [21,22]. To investigate whether KO of IKK-2 in lung
epithelium caused an increased rate of apoptosis on LPS challenge,
activity of caspase 3 was assessed. Active caspase-3 staining in the
epithelium was uniformly low in all study groups and the area staining
positively for active caspase-3 was similar in both IKK-2 KO mice and
the littermate control animals, suggesting that there was no specific
effects on apoptosis that may complicate interpretation of inflammatory
endpoints (Figure 4).

Pulmonary inflammation in IKK-2 KO mice following CSE
exposure

To assess the role of IKK-2 in another pulmonary inflammation
model, IKK-2 KO mice and their littermate controls were exposed to
4 consecutive days of CSE. Following CSE challenge, neutrophils were
significantly elevated in the littermate control animals compared with
saline treatment. BALF neutrophils were reduced to below control
values in the IKK-2 KO mice in response to CSE compared to both
littermates and WT animals (Table 2; P<0.005). BALF macrophages
numbers were consistent between CSE-treated and control animals,
and IKK-2 deletion made no impact on either group. Cytokine
concentrations in BALF were below the limit of detection of the assay.

Discussion

Thelungepithelium provides theinitial line of defence from invading
pathogens and noxious chemicals in the lung. In addition to barrier
function these cells are responsible for mediating the inflammatory
response to a range of stimuli and an increased understanding of
the key inflammatory pathways activated in these cells may provide
novel therapeutic targets for the treatment of lung inflammation. Our
results presented here show that epithelial-specific deletion of IKK-2
resulted in a reduction in pulmonary inflammation elicited by either
LPS or CSE. These effects did not appear to be associated with either
neutrophil accumulation within lung tissue, or epithelial cell apoptosis.
Thus, IKK-2 deletion in the pulmonary epithelium and subsequent

BALF Cytokine Concentration (pg/ml)

Time 1 hour 2 hour 4 hour 8 hour 24 hour
IL-6 IKK-2 KO 519+ 37 2316 £ 325 3698 + 728** 1500 + 437 28+ 16
Control 1005 + 215 1532 + 216 1984 + 216 859 + 142 16+ 14

IL-10 IKK-2 KO 55+ 10 142+ 18 138 + 24* 36 + 20 8t4
Control 124+ 16 133+ 11 84 +19 28 £ 10 18+6

IL-12 IKK-2 KO 0+0 159 + 44 223 +33 46 + 41 0+0
Control 99 + 16 244 + 15 317 £ 170 38+ 12 29+ 20

KC IKK-2 KO 670 + 88** 1026 + 185 731+86 85+ 26 179
Control 1204 + 126 1275 + 305 912 £ 214 149+ 13 68 +13

TNF-a IKK-2 KO 1433 £ 127 1340 + 369* 547 + 185 53+ 10 12+2
Control 1249 + 186 720 + 364 360 + 114 63+ 19 12+3

Mice were challenged with aerosolised LPS and killed at various time points post-challenge. Lungs were lavaged and cytokine levels in BALF assayed. Values are
geometric mean + SEM of 4 animals. *P<0.05, **P<0.005 (knockout animals vs controls)

Table 1: BALF cytokine content post-LPS challenge.
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BALF Neutrophil count BALF Macrophage Count
(x10%cells) (%102 cells)
Treatment saline CSE saline CSE
IKK-2 KO 561 + 238 67 + 54** 125+ 24 111+23
Control 871+ 483 6744 + 3754 142 + 34 171+ 18

Mice were challenged with CSE for 4 consecutive days. Lungs were lavaged and
neutrophils counted. Values are geometric mean + SEM of 4 animals. **P<0.005
vs control animals.

Table 2: BALF neutrophil counts post-CSE challenge.

loss of NF-kB activation attenuated pulmonary inflammation in two
independent mouse models. The less pronounced inflammatory
neutrophilic response to LPS was a maximum of 67% less in the
knockout animals compared with their littermate controls 8 hours
post-challenge. These findings are consistent with those reported by
Poynter et al. [23] who showed that epithelial-specific deletion of IKK-
2 in mice attenuated neutrophilic influx in response to intranasal LPS.
This would suggest that epithelial cells are not wholly responsible for
LPS-mediated inflammatory cell recruitment. Alveolar macrophages
produce the neutrophil chemokine IL-8 in response to LPS [24] and
are believed to play a role in neutrophil recruitment in COPD [25], so
it is perhaps not surprising that epithelial-specific deletion of IKK-2
does not entirely ablate LPS-elicited neutrophil influx. These findings
are consistent with a previous study that found epithelial-specific
expression of I-kBa super-repressor in mice resulted in attenuation of
LPS-elicited airway neutrophilia [26]. The role of NF-«xB in pulmonary
inflammation is not confined to LPS-elicited inflammation, and there
are reports of IKK-2 inhibitors attenuating OVA- [27], bleomycin- [28],
and IL-13 [29] induced pulmonary inflammation in mice. Furthermore,
overexpression of IKK-2 in airway epithelium results in spontaneous
elevations in airway neutrophilia [30].

Whilst IKK-2 deletion resulted in a reduction in the neutrophil
chemokine KC and the pro-inflammatory cytokine IL-12 following LPS
challenge, there were concomitant increases in the pro-inflammatory
cytokines TNF-a and IL-6 in the knockout animals at the 2 and 4 hour
time points respectively compared with their littermates. Both TNF-a
and IL-6 are synthesised at high levels by activated macrophages, so
the absence of a reduction in these cytokines may indicate that airway
macrophages are the predominant source of these cytokines following
LPS challenge. Whilst the reduction of the pro-inflammatory cytokine
IL-12 and increase in the inflammation-suppressing IL-10 cytokine
suggest that knocking out epithelial IKK-2 has a net anti-inflammatory
effect, the fact that these cytokines are predominantly secreted by
macrophages and monocytes respectively, suggests a complex interplay
between the epithelium and other cell types.

In contrast to the partial inhibition of LPS-elicited neutrophilia by
epithelial-specific deletion of IKK-2, cigarette smoke extract-elicited
neutrophilia was completely ablated by deletion of IKK-2, suggesting
that perhaps the epithelium plays a more central role in neutrophil
recruitment in this model. A recent study demonstrates that the IKK-
2 inhibitor, IMD-0354, attenuates cigarette smoke-mediated influx
of neutrophils into the airways, with a concomitant reduction in the
cytokines MCP-1 and IP-10 [31]. The apparent differences between the
magnitude of effect observed in the currently reported and above noted
study may reflect the differences in model (cigarette smoke extract
versus cigarette smoke), anatomical IKK-2 inhibition (epithelial versus
total) or magnitude of inhibition (deletion versus pharmacological
intervention). Nevertheless, the findings are broadly similar between
the two studies. Interestingly, in the same study, deletion of the p50 NF-
kB sub-unit augmented the cellular and cytokine pro-inflammatory
responses to cigarette smoke and increased airspace enlargement,

suggesting a regulatory role for p50 in cigarette smoke-mediated
inflammation [31].

Asactivation of NF-«B is associated with protection of epithelial cells
from apoptosis, we investigated whether IKK-2 KO and inflammatory
stimulation increased apoptosis in the lung. Using Caspase 3 activity
as a surrogate for cellular apoptosis we have shown no activation of
this pathway in response to deletion of IKK-2. Combining these data
with the anti-inflammatory effect observed in the IKK-2 epithelial KO
mice; this would provide encouragement that lung delivery of an IKK-2
inhibitor targeted to the epithelium may be an effective and safe therapy.

In conclusion, specific deletion of IKK-2 from lung epithelium
ameliorates neutrophil influx in both LPS- and cigarette smoke-induced
pulmonary inflammation.
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