INFECTION AND IMMUNITY, Apr. 2007, p. 1598-1608
0019-9567/07/$08.00+0  doi:10.1128/IAT1.01980-06

Vol. 75, No. 4

Copyright © 2007, American Society for Microbiology. All Rights Reserved.

Resistance to Pseudomonas aeruginosa Chronic Lung Infection

Requires Cystic Fibrosis Transmembrane Conductance
Regulator-Modulated Interleukin-1 (IL-1) Release
and Signaling through the IL-1 Receptor's

Nina Reiniger,"*f Martin M. Lee,"*§ Fadie T. Coleman,"* Christopher Ray,"*
David E. Golan,** and Gerald B. Pier!**

Department of Medicine, Harvard Medical School, Boston, Massachusetts 02115"; Channing Laboratory* and Hematology Division,?

Department of Medicine, Brigham and Women’s Hospital, Boston, Massachusetts 02115; and Department of
Biological Chemistry and Molecular Pharmacology, Harvard Medical School, Boston, Massachusetts 02115*

Received 18 December 2006/Returned for modification 24 January 2007/Accepted 29 January 2007

Innate immunity is critical for clearing Pseudomonas aeruginosa from the lungs. In response to P.
aeruginosa infection, a central transcriptional regulator of innate immunity—NF-kB—is translocated
within 15 min to the nuclei of respiratory epithelial cells expressing wild-type (WT) cystic fibrosis (CF)
transmembrane conductance regulator (CFTR). P. aeruginosa clearance from lungs is impaired in CF, and
rapid NF-kB nuclear translocation is defective in cells with mutant or missing CFTR. We used WT and
mutant P. aeruginosa and strains of transgenic mice lacking molecules involved in innate immunity to
identify additional mediators required for P. aeruginosa-induced rapid NF-kB nuclear translocation in
lung epithelia. We found neither Toll-like receptor 2 (TLR2) nor TLR4 nor TLRS were required for this
response. However, both MyD88-deficient mice and interleukin-1 receptor (IL-1R)-deficient mice failed to
rapidly translocate NF-kB to the nuclei of respiratory epithelial cells in response to P. aeruginosa.
Cultured human bronchial epithelial cells rapidly released IL-1f3 in response to P. aeruginosa; this process
was maximized by expression of WI-CFTR and dramatically muted in cells with AF508-CFTR. The IL-1R
antagonist blocked P. aeruginosa-induced NF-kB nuclear translocation. Oral inoculation via drinking
water of IL-1R knockout mice resulted in higher rates of lung colonization and elevated P. aeruginosa-
specific antibody titers in a manner analogous to that of CFTR-deficient mice. Overall, rapid IL-1 release
and signaling through IL-1R represent key steps in the innate immune response to P. aeruginosa infection,

and this process is deficient in cells lacking functional CFTR.

One component of the hypersusceptibility of cystic fibrosis
(CF) patients to chronic Pseudomonas aeruginosa infection is
due to the lack of functional CF transmembrane conductance
regulator (CFTR) protein in the cell. In individuals with wild-
type CFTR (WT-CFTR), binding of the first extracellular do-
main of this protein to the outer core of the lipopolysaccharide
(LPS) of P. aeruginosa (36, 57) occurs rapidly following lung
infection and leads to high levels of resistance to infection. We
and others have shown that this interaction between WT-
CFTR and P. aeruginosa leads to internalization of the bacte-
rium by respiratory epithelial cells via lipid raft formation (25,
56), induction of nuclear translocation of NF-kB (42), activa-
tion of Src-like tyrosine kinases p5S9Fyn and p60Src followed by
tyrosine phosphorylation of additional epithelial cell proteins
(12), transcriptional activation of genes for interleukin-6 (IL-
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6), IL-8, CXCL1, and intercellular adhesion molecule 1 (40),
and rapid apoptosis to resolve the infection (8). Multiple
groups have additionally shown that binding of Salmonella
enterica serovar Typhi pili and/or LPS to CFTR also mediates
intestinal epithelial cell uptake of this organism (21, 28, 35, 50).
Opverall, the lack of functional CFTR has been shown to affect
a number of responses of the lung to P. aeruginosa, which
appears to lead to a dampened early innate immune response
allowing the organisms to eventually establish a chronic infec-
tion (34).

In the presence of WT-CFTR, a central mediator of the lung
epithelial cell response to P. aeruginosa infection is the tran-
scription factor NF-kB, which is translocated to the nuclei of
respiratory epithelial cells within 15 min, whereas cells with
mutant CFTR alleles such as the AF508-CFTR allele, or cells
completely lacking CFTR, fail to make this rapid response (42).
NF-kB regulates the transcription of genes for numerous in-
flammatory factors, including IL-6, IL-8, and CXCLI1. The
production of these three cytokines is reduced during the ear-
liest stages of infection in cells with mutant CFTR (40) but
increased following prolonged infection of either cultured
transformed cells or primary epithelial cells isolated from CF
lungs (10, 23). Both IL-8 and CXCLI are neutrophil chemoat-
tractants (16, 22, 41), indicating that neutrophil recruitment
may be impaired in the early stages of P. aeruginosa infection
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in CF patients, but such recruitment is clearly extensive during
chronic infection of CF patients (10, 24, 45). A reduced in-
flammatory response at an early stage of infection may lead to
the establishment of chronic colonization by P. aeruginosa,
which could subsequently overwhelm the CF patient’s ability to
clear the pathogen effectively.

In addition to CFTR-dependent responses, other bacteria-
host interactions have been shown to be involved in airway
signaling during P. aeruginosa infection. Several reports indi-
cate that binding of P. aeruginosa flagellin to Toll-like receptor
5 (TLRS) induces NF-kB-dependent epithelial cell responses
(1, 30, 58), and TLR2 has also been reported to mediate
NF-«kB nuclear translocation in airway epithelial cells in re-
sponse to P. aeruginosa (48, 58). However, none of these stud-
ies has measured responses in cells with mutant CFTR, and all
of the measured NF-kB-dependent responses occur hours af-
ter infection as opposed to the 15-min time point postinfection
which, we have reported, leads to maximal NF-kB nuclear
translocation in both cultured epithelial cells and lungs with
WT, but not mutant, CFTR (42). P. aeruginosa flagella have
been reported to activate respiratory epithelial cell responses
via TLR2 and TLRS (1), and P. aeruginosa LPS has been
reported to activate respiratory epithelial cells via TLR4 (19,
29). Yet neither TLR2 nor TLR4 nor TLRS single-knockout
mice have enhanced resistance or susceptibility to P. aerugi-
nosa lung infection (14, 17, 39, 47), just changes in cytokine
responses, indicating that cellular activation mediated individ-
ually by these TLRs is not a major factor in the acute host
response to this pathogen. Various combined deficiencies in
two TLRs can result in some alterations in the inflammatory
phenotype but do not seem to impact the overall host resis-
tance to P. aeruginosa infection in a significant way (14, 39, 47).
Moreover, a recent study shows that, following recognition of
bacterial pathogen-associated molecules that bind to TLRs,
dendritic cell activation occurs not on the cell surface but
inside phagosomes following endocytosis or phagocytosis of
bacteria (5). This finding indicates that, even when TLRs are
involved in the cellular responses to P. aeruginosa, the CFTR-
dependent bacterial internalization that we and others (12, 36)
have shown to occur in airway epithelial cells could potentially
be a key factor in activating these cells via TLR signaling in
response to infection with this pathogen.

In view of the important role of NF-«kB in the early innate
immune response to P. aeruginosa and the potential role of
delayed NF-kB activation in the initiation of the early phases
of infection in CF patients, we investigated the pathways that
are involved in CFTR-dependent or CFTR-modulated activa-
tion of NF-kB within the first few minutes of P. aeruginosa
infection. We identified the IL-1 receptor (IL-1R), which
transduces its response via MyDS88, as an important compo-
nent of this system by testing for NF-kB translocation in the
lung epithelia of several strains of knockout mice in response
to P. aeruginosa. We found that rapid release of IL-18 in
response to P. aeruginosa was enhanced in the presence of
functional CFTR in respiratory epithelial cells, although levels
of preformed IL-1B were comparable for cells with WT and
mutant CFTR genes. We also found that IL-1R knockout mice
were susceptible to chronic P. aeruginosa lung infection, as are
CF mice, following oral exposure to the pathogen in drinking
water. These results suggest that IL-1B release and signaling
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through IL-1R and MyD88 play important roles in the re-
sponse to P. aeruginosa in respiratory epithelial cells and that
this process is deficient in the setting of nonfunctional CFTR.

MATERIALS AND METHODS

Bacterial strains. PAO1 and N6 are LPS-smooth, nonmucoid strains of P.
aeruginosa. PAO1 was originally obtained from M. Vasil (University of Colorado,
Denver, CO). N6, a clinical isolate from a CF patient early in the course of
infection, was provided by J. Burns (University of Washington, Seattle, WA).
PAOL1 fliC::gent, a nonmotile mutant unable to produce the major flagellin
protein that binds to TLRS, was provided by R. Ramphal (University of Florida,
Gainesville, FL) (15).

Cell lines. The construction and growth of CFT1 cell lines used in this study
have been described previously (37). CFT1-AF508 (AF508-CFTR) and CFT1-
LCFSN (WT-CFTR) cells are both human bronchial epithelial cell lines with an
identical starting genetic background containing two AF508 alleles of CFTR. The
AF508-CFTR (CFT1-AF508) cells have a third allele of AF508-CFTR. The
WT-CFTR (CFT1-LCFSN) cells have a WT allele for human CFTR expressed
in the AF508 background (37).

Mouse strains. IL-1R knockout mice of strain B6;129S-IL1r]1=tm!Rom!= apq
controls of strain B6.129SF2/J were obtained from The Jackson Laboratory.
TLR2 knockout mice and MyD88 knockout mice were kindly provided by M.
Freeman (Massachusetts General Hospital, Harvard Medical School, Boston,
MA) (20, 49). C3H/HeJ (TLR4 dominant-negative) and C57BL/6 mice were
obtained from The Jackson Laboratory, as were tumor necrosis factor receptor
1 (TNF-R1) knockout mice. All animal protocols were approved by the Harvard
Medical Area Institutional Animal Care and Use Committee.

Acute infection of mice. Mice were infected by intranasal application of P.
aeruginosa as described previously (2, 43). For determination of NF-kB nuclear
translocation, mice were killed by CO, asphyxiation at various time points after
infection, lungs were inflated by instillation of 4% paraformaldehyde after visu-
alization of the trachea, and the tissues were then removed and processed and
stained as described for identification of CFTR, NF-«B, nucleic acid, and trans-
location of NF-kB p65 into the nucleus (42).

Chronic infection of mice. Chronic infection of mice was established as de-
scribed previously (9, 43). We used strain N6, a clinical isolate from a CF patient
early in the course of infection, because prior studies had shown that this strain,
in contrast to strain PAO1, is highly efficient at chronically infecting transgenic
CF mice (9). We also carried out a comparable experiment, but for a shorter time
course, with strain PAO1. Briefly, P. aeruginosa was grown overnight at 37°C on
tryptic soy agar and then resuspended in sterile water to an optical density at 650
nm (ODgs() of 0.4 (~2 X 10° CFU/ml) and diluted in sterile water to achieve
5 % 10° to 7 X 10° CFU/ml. IL-1R knockout mice and controls were initially
treated for 5 to 7 days with oral levofloxacin and gentamicin as described
previously (9) to clear any preexisting oropharyngeal Enterobacter spp. (which
interfere with the detection of P. aeruginosa) or trace levels of P. aeruginosa, and
then the mice were given the defined P. aeruginosa strain in their drinking water
for five days. After exposure to the bacteria, mice were given sterile water
containing 0.2 M sodium acetate at pH 4.0 with 0.5 mg nitrofurantoin/ml to
prevent growth of the Enterobacter spp. in the drinking water and transmission of
Enterobacter colonization among the mice housed in the same cage. We have
maintained transgenic CF mice on such water for up to 2 years with no obvious
compromise to the animals’ health. Orally nonabsorbable antibiotics were also
added to the water (100 wg gentamicin/ml; 100 pg ceftazidime/ml), which not
only contributed to the prevention of P. aeruginosa growth in drinking water but
also cleared mere oropharyngeal colonization by P. aeruginosa. This treatment is
essential in order to allow us to distinguish colonization confined to the oral
cavity, a nonmeaningful outcome, from true lung infection, which cannot be cleared
by these antibiotics when given orally, as we have previously documented (9).

Infected mice were monitored for persistent infection by weekly or biweekly
throat culture. Throat swabs were obtained using sterile calcium alginate swabs
(Puritan Medical Products Company, Guilford, ME) inserted deep into the
oropharynxes of mice that were anesthetized by inhalation of isoflurane gas.
Throat swabs were incubated in tryptic soy broth for five hours, and then 1 mg
nitrofurantoin/ml was added to eliminate any contaminating Enterobacter spp.,
and the culture was incubated overnight at 37°C. Cultures were then plated on
Pseudomonas isolation medium and grown overnight at 37°C. Cultures yielding
oxidase-positive, green-fluorescent colonies were scored as positive for the pres-
ence of P. aeruginosa.

Measurements of IgG responses to P. aeruginosa in mouse sera. Sera were
obtained from the tails of mice before exposure to P. aeruginosa and at several
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intervals after oral infection. Immunoglobulin G (IgG) antibody was evaluated
by enzyme-linked immunosorbent assay (ELISA) using azide-killed whole bac-
teria to coat ELISA plates. Serial dilutions of sera were reacted with the whole
cells, and absorbance readings from diluted sera drawn before experimental
exposure to P. aeruginosa, although negligible, were subtracted from all postex-
posure measurements. Secondary antibody to mouse whole IgG molecule was
used, and the final absorbance readings were taken at OD,s. To calculate titers,
power or exponential best-fit lines were derived for plots of absorbance (ab-
scissa) versus serum dilution (ordinate), and titers for each mouse were calcu-
lated using an OD absorbance of 0.15 as the cutoff value; this value was the OD
reading that exceeded all background levels measured in sera before the mice
were experimentally exposed to P. aeruginosa.

Confocal microscopy for CFTR expression and NF-kB nuclear translocation.
Fixed lung tissues and cells were processed for immunohistochemical analysis of
NF-kB nuclear translocation and CFTR expression as described previously (42).
Tissue sections were first deparaffinized and then rehydrated for staining. Fixed
cells and tissue sections were next incubated with rabbit antibody to human (p65)
NF-«B (Santa Cruz Bio-technology, Santa Cruz, CA) for 90 min at 37°C, washed,
and then incubated with Alexa Fluor 594 dye-labeled goat anti-rabbit IgG for 90
min at 37°C. After extensive washing, the nucleic acid-staining dye 4,6-di-
amidino-2-phenyindole dihydrochloride (DAPI) was added to visualize the nu-
cleus. Deparaffinized, rehydrated tissue sections and fixed and permeabilized
cells in dishes were stained for CFTR expression by incubation with a mouse IgM
anti-CFTR monoclonal antibody, CF3 (54), for 90 min at room temperature and
then counterstained with fluorescein isothiocyanate-conjugated anti-mouse IgM.
Sections were visualized by confocal laser microscopy.

To visualize NF-«B entry into the nuclei of cells, confocal laser microscopic
images were processed to find the locations in the images where red pixels,
showing the location of NF-kB, overlapped with blue pixels, showing the location
of DAPI-stained nucleic acid. All of the pixels in the micrographs where this
overlap occurred were depicted as a magenta color, indicative of the colocaliza-
tion of NF-«kB and nucleic acid at the resolution of 1 pixel (within ~0.8 pm).

To determine the effect of IL-1 receptor antagonist (IL-1ra) on NF-«kB nuclear
translocation, 10 pg IL-1ra/ml was added to cultured WT-CFTR cells 10 min
prior to the addition of P. aeruginosa strain PAO]. Fifteen minutes later, IL-
Ira-treated cells and untreated control cells were fixed and stained for nuclear
NF-kB as described above.

Quantitative analysis of the entry of NF-kB into the nucleus following P.
aeruginosa infection was carried out using a TransAm NF-«kB p65 transcription
factor assay kit (Active Motif, Carlsbad, CA). The manufacturer’s instructions
were followed for the assay, which involved exposure of WT- or AF508-CFTR
cells to P. aeruginosa strain PAO1 (multiplicity of infection of 30:1, bacteria to
cells) for 15 min in the presence or absence of IL-1ra, harvesting of cells,
preparation of nuclear extracts using a nuclear extract kit (Active Motif), and
addition of the extracts to wells with an immobilized oligonucleotide containing
a NF-kB consensus binding site. Specificity of binding was confirmed by adding
either a WT or mutated NF-«kB consensus oligonucleotide to the extracts at 20
pM/ml. After the addition of primary antibody to NF-kB, cells were incubated at
room temperature for 1 h followed by washing and then addition of the horse-
radish peroxidase-conjugated secondary antibody provided in the kit for 1 h at
room temperature again followed by washing; color development was measured
at 450 nm 10 min after the addition of the developing solution. Activity in each
extract was measured in triplicate, and results were averaged.

IL-1B detection in cell supernatants by ELISA. P. aeruginosa was grown on
tryptic soy agar plates overnight at 37°C, resuspended in antibiotic-free cell
media to an ODgs of 0.4 (~2 X 10° CFU/ml), and then diluted 1:15 in the same
medium. Cells were washed with sterile 1X phosphate-buffered saline (PBS)
(1.05 mM KH,PO,, 154 mM NaCl, 2.97 mM Na,HPO,), and then antibiotic-free
cell culture medium was added with or without P. aeruginosa (multiplicity of
infection of 30:1 to 50:1) as described previously (40). Supernatants were har-
vested at set time points, sterile filtered with low-protein-binding, 0.2-um cutoff
syringe filters (Pall Corporation, East Hills, NY), and dialyzed in 3,500-Da
MWCO dialysis cassettes (Pierce Biotechnology, Inc., Rockford, IL) against
0.04x PBS (0.042 mM KH,PO,, 6.16 mM NaCl, 0.119 mM Na,HPO,). Super-
natants were then frozen, lyophilized, and resuspended in water in a volume
1/25th that of the original supernatant solution. Total protein concentrations
were determined by a Bradford assay. IL-18 was detected in concentrated su-
pernatants by using a human IL-18 Quantikine immunoassay (R&D Systems,
Minneapolis, MN). The manufacturer’s instructions for testing cell culture su-
pernatants were followed. Results are expressed as pg of IL-1 detected per mg of
total cellular protein to normalize for differences in cell numbers when compar-
ing cultures from cells of different CFTR genotypes grown in individual flasks.
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Detection of preformed IL-1 in uninfected cell lysates. Lysates were made as
described previously (40). Briefly, uninfected cells were washed once with 1x
PBS and lysed using lysis buffer (20 mM Tris, 1 mM EDTA, and 0.05% Triton
X-100, pH 7.4 chilled) containing Complete Mini protease inhibitor cocktail
(Roche Diagnostics Corp., Indianapolis, IN). The protein concentration in each
sample was measured by the Bradford assay. IL-1 levels were measured by using
a human IL-1B Quantikine immunoassay (R&D Systems).

Statistics. Unpaired, two-tailed ¢ tests were used to make two-group compar-
isons. Multigroup comparisons were analyzed by analysis of variance followed by
Tukey’s multiple comparisons test for determining significant differences be-
tween pairs of observations. The marginal probability of oropharyngeal coloni-
zation of mice chronically infected with P. aeruginosa was estimated as previously
described (9) by solving generalized estimating equations (27) using R software
for statistical computing (www.r-project.org). Slopes and confidence intervals of
curves generated by ELISA were determined using Statview 5 software.

RESULTS

NF-kB nuclear translocation in lungs of P. aeruginosa-in-
fected mice. We first investigated whether MyDS88 might be
involved in activation and nuclear translocation of NF-kB in
response to infection by P. aeruginosa, by analyzing the kinetics
of NF-«kB translocation in lung epithelial cells of MyD88
knockout mice. MyD88 is involved in signal transduction from
cell surface receptors such as TLRs, TNF-R, and IL-1R. In Fig.
1, we stained for CFTR (green color) to ensure that the mice
had apparently normal levels of production of this receptor for
P. aeruginosa, as well as NF-kB (red color) and nucleic acid
(blue color). Depicted in the first row of Fig. 1 is the overlap of
CFTR and NF-«B in the cytoplasm, which appeared as a yel-
low to red-orange color, the intensity of which varied due to
some differences in the levels of these two proteins in the
cytoplasm of individual lung epithelial cells. Areas within the
cells where one or the other protein was more concentrated
appeared more green or more red. The second row of figures
shows only NF-«kB and nuclear staining. In the third and fourth
rows of Fig. 1, the translocation of NF-«kB was depicted in
pseudocolored images as a magenta color in the nucleus, based
on colocalization (within 0.8 wm) of pixels produced from
fluorescence of the Alexa Fluor 594 and DAPI molecules,
indicative of NF-«kB entry into the nucleus.

Overall, the images in Fig. 1 show that the lung epithelial
cells of WT C57BL/6 mice readily translocated NF-kB to the
nucleus within 15 min of infection, whereas at all time points
examined, there was no evidence of NF-kB nuclear transloca-
tion in the lung epithelia of MyD88-deficient mice. Uninfected
WT mice did not have any detectable NF-«B in the nuclei of
lung epithelial cells (Fig. 1), nor did uninfected MyD88-defi-
cient mice (not shown). In addition to the time points shown in
Fig. 1, sections were examined at intermediary time points 30,
60, and 90 min postinfection, with similar negative results for
NF-«kB nuclear translocation by Myd88-deficient mice (data
not shown).

We next hypothesized that signaling in response to P. aerugi-
nosa, leading to NF-kB nuclear translocation, was likely me-
diated by a cellular factor that signals through the MyD88
adaptor molecule. To determine possible cell surface pattern
recognition molecules that could be involved in this response
to P. aeruginosa, lungs were taken from strains of mice defi-
cient in TLR2 or from C3H/HeJ mice that express a dominant-
negative TLR4, as well as from mice deficient in TNF-R1 or
IL-1R. Time points from 15 min to 180 min after intranasal
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FIG. 1. NF-«kB nuclear translocation in sections of small airways from either WT or MyD88 knockout C57BL/6 mice determined at the
indicated times after intratracheal infection with P. aeruginosa strain PAO1. Sections were stained for NF-kB (red), CFTR (green), and nuclear
DNA (blue). First row: yellow/orange color represents overlap between cytoplasmic CFTR and cytoplasmic NF-kB. Second row: cytoplasmic
NF-kB (red) and nuclear DNA (blue) only. Third and fourth rows: colocalization of translocated nuclear NF-«kB (red) and nuclear DNA (blue),
represented as pseudocolored magenta at two different magnifications. Magnifications are indicated on the right-hand side of each row.

inoculation with P. aeruginosa strain PAO1 were examined. We
also tested the ability of a fliC-deficient strain of P. aeruginosa
(15) to induce NF-kB nuclear translocation in WT mice in
order to evaluate the potential contribution of TLRS to the
response to this pathogen. As we saw for mice with WT-CFTR,
TLR2 knockout and TLR4 dominant-negative mice translo-
cated NF-kB to the nucleus at 15 min postinfection, whereas
TNF-R1 knockout mice showed a delayed but detectable
NF-«kB nuclear translocation 75 min postinfection (Fig. 2).
Infection of WT C57BL/6 mice with the fliC::gent mutant of
strain PAO1 (15) also resulted in readily detectable NF-xB
nuclear translocation 15 min following infection, indicating
that TLRS is not involved in this early signaling (Fig. 2); this
result was consistent with the findings of others that fliC-defi-
cient P. aeruginosa activate inflammation in WT mice (47).

In contrast, IL-1R knockout mice failed to translocate
NF-kB in response to P. aeruginosa infection (Fig. 3); in these
mice, NF-«kB translocation appeared no different from that in
uninfected IL-1R knockout mice. NF-kB nuclear translocation
was evaluated at 15, 30, 45, 60, 75, 90, 120, 150, and 180 min
postinfection; representative sections from infected lungs
taken over the first hour are shown in Fig. 3, but the lack of
detectable nuclear NF-kB was also evident at all additional
time points (data not shown).

Production of IL-1 by cultured cells in response to P. aerugi-
nosa infection. The above findings led us to hypothesize that
IL-1 release and signaling through IL-1R were involved in the
rapid NF-«kB nuclear translocation in response to P. aeruginosa
infection in vivo and that this release could be affected by the
functional state of CFTR. To study this process in more detail,
we examined whether IL-1B is released by human bronchial
epithelial cells following exposure to P. aeruginosa and whether
IL-1B release is altered by the absence of functional CFTR.
When we infected isogenic WT-CFTR and AF508-CFTR hu-
man bronchial epithelial cells with P. aeruginosa strain PAO1
over a time course of 0 to 60 min, we found that IL-1B was
rapidly released by cells with WT-CFTR in response to P.
aeruginosa, whereas cells with mutant CFTR showed a muted
IL-1PB release (Fig. 4A). Replicate experiments (Fig. 4B) con-
sistently showed a more-robust release of IL-1 by cells with
WT-CFTR, although the kinetics differed slightly among ex-
periments; the peak of IL-1p release occurred in some cases at
the 5- or 10-min time points (as in Fig. 4A) and in other cases
at the 15- or 30-min points (Fig. 4B).

Because the rapid release of IL-1B seemed more likely to
represent preformed cytokine rather than newly synthesized
protein, we tested cell lysates in order to evaluate the level of
preformed IL-1B present within uninfected epithelial cells.
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FIG. 2. NF-«B nuclear translocation in lung sections from the indicated strains of mice in response to intratracheal infection with P. aeruginosa
strain PAO1 or strain PAO1 fliC::gent (AfliC) where indicated. Samples were taken 15 min postinfection for the WT mice infected with either
PAOT1 or the AfliC strain (second two columns) and for the TLR2 knockout (KO) and TLR4 dominant-negative (DN) mouse strains (C3H/HeJ)
infected with P. aeruginosa PAO1. Maximal NF-kB nuclear translocation was seen at 75 min postinfection for the TNF-R1 knockout mouse strain
infected with PAOI. Sections were stained for NF-«kB (red), CFTR (green), and nuclear DNA (blue). First row: yellow/orange color represents
overlap between cytoplasmic CFTR and cytoplasmic NF-kB. Second row: cytoplasmic NF-kB (red) and nuclear DNA (blue) only. Third and fourth
rows: colocalization of translocated nuclear NF-kB (red) and nuclear DNA (blue), represented as pseudocolored magenta at two different
magnifications. Magnifications are indicated on the right-hand side of each row.

Uninfected cells with WT-CFTR contained 97.5 = 0.05 pg of
IL-1B per mg total protein, whereas uninfected AF508-CFTR
cells contained 91.2 = 0.02 pg of IL-18 per mg total protein.
Thus, there was very little difference in the amounts of pre-
formed IL-1B produced by WT and CF bronchial epithelial
cells. This result suggested that the presence of WT-CFTR in
bronchial epithelial cells did not affect the amount of pre-
formed, stored IL-1B, but it did affect the release of IL-1B in
response to bacterial infection.

To further support the link between the engagement of
IL-1R by IL-1 and the NF-«kB translocation induced by P.
aeruginosa in WT-CFTR cells, we treated WT-CFTR bronchial
epithelial cells with IL-1ra, cultured these cells with P. aerugi-
nosa strain PAOI1, and used confocal microscopy to visualize
translocation of NF-«kB in the cells 15 min postinfection. In the
absence of IL-1ra, P. aeruginosa induced significant NF-kB
nuclear translocation (Fig. 5), as has been reported previously
(42). In contrast, when WT-CFTR cells were infected with P.
aeruginosa in the presence of IL-1ra, no NF-«kB translocation

was observed (Fig. 5, upper panels). This was confirmed by a
quantitative ELISA analysis of the effect of IL-1ra on NF-«B
nuclear translocation: when either 10 g or 4 pg of nuclear
protein obtained from WT-CFTR cells exposed to P. aerugi-
nosa strain PAO1 was added to an immobilized NF-kB-binding
oligonucleotide, there was strong binding observed (Fig. 5,
lower graph). Binding of the 10-ug sample of nuclear protein
was specifically inhibited by a WT oligonucleotide probe con-
taining a cognate NF-«kB binding site but not by a probe with
a mutated NF-kB binding site. Addition of 1 to 10 pg of IL-1ra
to the WT-CFTR cells inhibited NF-«B nuclear translocation
in a dose-dependent manner. In cells with the AF508-CFTR
allele there was a slightly, but statistically significant, increased
binding of 10 g of nuclear protein to the oligonucleotide with
the NF-«kB binding site. NF-kB binding was reduced by the
addition of 10 pg of IL-1ra, but binding was not significantly
inhibited by an oligonucleotide with a cognate NF-kB binding
site, indicating that the reaction was nonspecific. This was
further confirmed by showing that in the presence of an oligo-
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FIG. 3. NF-«kB nuclear translocation in small airway sections of WT or IL-1R knockout (KO) mice at the indicated times in response to
intratracheal infection with P. aeruginosa strain PAO1. Sections were stained for NF-«kB (red), CFTR (green), and nuclear DNA (blue). First row:
yellow/orange color represents overlap between cytoplasmic CFTR and cytoplasmic NF-«kB. Second row: cytoplasmic NF-«kB (red) and nuclear
DNA (blue) only. Third and fourth rows: colocalization of translocated nuclear NF-kB (red) and nuclear DNA (blue), represented as pseudo-
colored magenta at two different magnifications. Magnifications are indicated on the right-hand side of each row.
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FIG. 4. IL-1B release in supernatants of WT-CFTR and AF508-
CFTR human bronchial epithelial cells in response to P. aeruginosa
strain PAO1. Panels A and B show results from two different experi-
ments conducted under identical conditions but yielding somewhat
different kinetics of IL-1B release. Asterisks indicate a significant dif-
ference (P < 0.05, ¢ tests) in the levels of IL-1 released at the same time
point when comparing WT-CFTR and AF508-CFTR cells.

nucleotide with a mutant NF-kB binding site, the nuclear ex-
tract from CF cells exposed to P. aeruginosa did not show
significantly more binding than the control from uninfected
cells. Thus, the apparent signal of NF-kB nuclear translocation
in the CF cells cannot be considered to fulfill the criteria for
specificity in this assay.

Chronic infection of IL-1R knockout mice with P. aerugi-
nosa. We next used a chronic infection model to investigate
whether the absence of IL-1R would lead to increased respi-
ratory tract colonization and P. aeruginosa-specific immune
responses in the sera of orally infected mice, a response that we
have shown occurs in transgenic CF, but not WT, mice given
this organism in their drinking water (9). IL-1R knockout and
WT mice were infected via their drinking water with P. aerugi-
nosa clinical isolate N6, which has previously been shown to
induce a robust chronic lung infection in transgenic CF mice
(9). The mice (six per group) were monitored for lung coloni-
zation by throat swabs on a weekly or biweekly basis. Throat
swab cultures confirmed that all mice were free of P. aerugi-
nosa after the initial 5 to 7 days of levofloxacin/gentamicin
treatment and that all mice were colonized by P. aeruginosa
after five days of exposure to P. aeruginosa in the drinking
water. Figure 6 shows the percentage of mice that were colo-
nized from 22 to 46 weeks after initial exposure to P. aerugi-
nosa. IL-1R knockout mice had a much higher rate of coloni-
zation (83 to 100% weekly positive cultures through week 46)
than WT mice (50% initial positive cultures, decreasing to 0 to
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WT CFTR cells Uninfected cells * P<,001 vs,
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PAO1-4 pg extract t P<.001 vs. PAOL
PAO1-10 pg extract + WT NF-xB probe 10 pg extract
PAO1-10 pg extract + Mutant NF-xB probe
PA01-10 pg extract + IL-1ra 10 ug
PAO1-10 pg extract + IL-1ra 5 pg |
PAO1-10 pg extract + IL-1ra 1 pg NS-1=not significant
F508 CFTR cells Uninfected cells (P>0.05) vs. PAO1 10 g
PAO1-10 g extract| BF* extract
PAO1-10 pg extract + WT NF-xB probe | Il NS-1 NS-2=not significant
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0.000 0.200 0.400 0.600
NF-xB activation (0D,5,nm)

FIG. 5. Inhibition of NF-«kB nuclear translocation by addition of IL-1ra to cultures of P. aeruginosa-infected human bronchial epithelial cells
that express WT-CFTR. The left upper panel shows colocalization of red-stained NF-kB and blue-stained DNA in nuclei (pseudocolored magenta)
15 min postinfection with P. aeruginosa strain PAOL1. In the presence of IL-1ra, NF-kB is present in the cytoplasm (middle upper panel, red) but
does not translocate to the nucleus (right upper panel). Magnifications are X400. The lower graph indicates the quantitative analysis of NF-kB
nuclear translocation in isogenic cell lines with WT- or AF508-CFTR 15 min following P. aeruginosa infection. IL-1ra was added at the indicated
amount of protein to triplicate assay wells (200-pl volume each). Specificity of binding of the nuclear NF-kB was assessed by inhibition with either
a WT NF-kB probe or a mutant NF-kB probe added to the nuclear extract. P values represent both overall analysis of variance and pair-wise

comparisons using Tukey’s multiple comparisons test.

17% by week 34) (Fig. 6). The probability of colonization for
the IL-1R knockout mice throughout the study period was
93%, whereas that for the WT mice was 17% (P < 0.001,
generalized estimating equations). As a control, P. aeruginosa
isolates obtained from the mice were tested for development of
resistance to the nonabsorbable gentamicin and ceftazidime
antibiotics that had been added to the drinking water to sup-
press colonization limited to the oral cavity. All strains recov-
ered from the mice were found to be susceptible to these
antibiotics just as the initial infecting strain had been.

To distinguish mice with actual lung infections from those
with only upper oropharyngeal colonization, serum samples
were obtained periodically from the exposed IL-1R knockout
and WT mice and tested by ELISA for the presence of P.
aeruginosa-specific antibodies (9). IL-1R knockout mice ex-
posed to P. aeruginosa strain N6 in their drinking water had
much higher levels of P. aeruginosa-specific antibody than did
WT mice in the same study (Table 1), and these differences
were manifest as early as 6 weeks postinfection. This difference
in antibody titer was maintained throughout the study.

WT and IL-1R knockout mouse serum antibody responses
to chronic colonization with strain PAO1 (six mice per group)
also showed marked differences at 6 and 21 weeks postinfec-
tion (see Fig. S1 in the supplemental material). This result
indicated that strain PAOI, like strain N6, was capable of
causing chronic lung infection in IL-1R knockout mice as mea-
sured by serum antibody responses. However, like many clin-
ical CF isolates (4, 7, 13, 26), P. aeruginosa strain PAO1 was
more difficult than strain N6 to culture from an oropharyngeal
swab—a finding we had previously validated in transgenic CF
mice (9)—and this measure of infection gave a greater degree
of variability in positive cultures over the 21-week period of
observation (data not shown).

After sacrifice, lungs from the WT and IL-1R knockout mice
were analyzed for pathological changes and none were seen.
This result indicated that, in spite of the apparent chronic lung
colonization, the IL-1R knockout mice were able to contain
the infection sufficiently to minimize the development of sig-
nificant lung pathology. In this respect, the IL-1R knockout
mice displayed a less-severe phenotype in response to infection
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FIG. 6. Oropharyngeal colonization of WT and IL-1R knockout
mice after exposure to P. aeruginosa strain N6 in sterile drinking water.
Mice (six per group) were administered nonabsorbable antibiotics (100
pg gentamicin/ml and 100 pg ceftazidime/ml) along with orally absorb-
able nitrofurantoin (100 pg/ml) in sterile drinking water prior to week
20 and after week 24 in order to distinguish between oropharyngeal
colonization and lung infection. The probability of colonization for the
IL-1R knockout mice throughout the study period was 93% whereas
that for the WT mice was 17% (P < 0.001, generalized estimating
equations).

than did transgenic mice lacking either functional CFTR or
expressing AF508-CFTR (9). IL-1R knockout mice are likely
to lack other significant factors that are present in CF mice and
that contribute to pathology in CF lung disease, such as produc-
tion of dehydrated mucus secretions which create an anaerobic
environment needed for the emergence of the more-destructive
mucoid phenotype of P. aeruginosa (55).

DISCUSSION

The innate immune response is critical for successful clear-
ance of P. aeruginosa from the lungs. The recent finding that
NF-«B is rapidly translocated to the nuclei of airway epithelial
cells in response to P. aeruginosa infection in mice with WT-
CFTR but not in CF mice (42) led us to investigate additional
potential mediators of NF-kB translocation participating in the
response to P. aeruginosa. Lack of MyDS88 clearly affected the
nuclear translocation of NF-«kB in the lung epithelium follow-
ing P. aeruginosa infection, but neither TLR2, TLR4, nor
TLRS was individually required for this early response. These
results are consistent with studies demonstrating that TLR2,
-4, and -5 are not individually involved in the resistance of mice
to acute P. aeruginosa lung infection (14, 39, 47), whereas
MyD88-deficient mice have increased susceptibility to P.
aeruginosa lung infection (38, 39, 46). However, Feuillet et al.
(14) did find cooperativity of TLRS and TLR4 for generating
a full response to P. aeruginosa infection in lung cells, consis-
tent with the well-known redundant nature of innate immunity.
Of note, the findings from several investigators conducting in
vitro cell activation studies, in which P. aeruginosa flagella
activate airway cells via binding to asialo GM1 and TLRS (1,
30, 58), do not appear to reflect the in vivo infection situation,
where flagella (14) or TLRS (47) are dispensable for a WT
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response to P. aeruginosa lung infection. Furthermore, trans-
genic CF mice infected for 18 h with P. aeruginosa strain PAO1
do manifest the ability to translocate NF-«kB to the nuclei of
respiratory epithelial cells, indicative of a CFTR-independent
late response (see Fig. S2 in the supplemental material); this
late response is likely a component of the enhanced inflam-
matory response observed in CF mice following hours of P.
aeruginosa infection (52, 53).

We also found that lack of TNF-R1 resulted in delayed, but
nonetheless detectable, NF-kB nuclear translocation in murine
airway epithelial cells, consistent with the findings that TNF-R1
is not required for elimination of P. aeruginosa lung infection
(46) and that instillation of TNF-« into the lungs of P. aerugi-
nosa-infected mice does not affect bacterial clearance (31).
Therefore, our key finding was that CFTR-modulated rapid
IL-1 release and signaling through IL-1R are key components
of the very early innate immune response to P. aeruginosa
infection.

Because elevated levels of IL-18 have also been found pre-
viously in CF patient sputum (6, 45), we examined the kinetics
of release of this cytokine by respiratory epithelial cells. Cul-
tured bronchial epithelial cells expressing WT-CFTR rapidly
released IL-1B, supporting the hypothesis that an early IL-1-
dependent signal plays an important role in the innate immune
response to P. aeruginosa. The level of IL-1pB release was sig-
nificantly greater in WT-CFTR than in AF508-CFTR cells,
again suggesting that the release is modulated by WT-CFTR,
although the amount of preformed IL-1p was comparable in
both cell lines. While at this point, we do not know the mo-
lecular basis for the CFTR-modulated release of IL-18 in
response to P. aeruginosa infection, it may relate to the ion
channel conductance property of CFTR. We have previously
shown that P. aeruginosa rapidly activates Cl ion mobilization
by CFTR (51), and we are currently investigating whether this
property of CFTR is needed for release of IL-1B from airway
epithelial cells.

An important role for IL-1 release and signaling through
IL-1R in controlling P. aeruginosa lung infection was primarily
substantiated by analyzing the responses of IL-1R knockout
and WT mice to P. aeruginosa in a chronic lung colonization
model. The IL-1R knockout mice had clear evidence of
chronic P. aeruginosa lung colonization with strain N6, as mea-
sured by persistently positive throat cultures and significant
serum antibody responses; in contrast, the WT mice appeared
either to clear the infection or to confine the organisms to a
tissue space that did not lead to inflammation and immune

TABLE 1. Antibody titers in sera of IL-1R knockout or WT mice
in a chronic colonization model using P. aeruginosa strain N6

Week Antibody titer*
postinfection IL-1R knockout mice WT mice
6 2,761 = 456 381 + 41
18 7,551 = 2,108 457 + 68
31 15,957 + 2,617 174 + 71
49 13,698 + 6,585 97 + 40

“Means * standard errors of the means of the antibody titers calculated after
subtraction of readings from preinfection sera. All titers in IL-1R knockout mice
were significantly different from the corresponding titers in WT mice by a # test
at a P value of <0.001.
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responses. Along similar lines, robust immune responses of
IL-1R knockout mice to chronic infection with strain PAO1
were also observed, although culture results for this strain were
not particularly informative. This combination of results is
commonly observed in CF patients, where several studies have
documented that serum antibody responses to P. aeruginosa
are a more-sensitive measure than oropharyngeal culture for
detecting infection early in the course of disease (4, 7, 13, 26).
Nonetheless, given the large differences in serum IgG activity
postinfection between IL-1R knockout and WT mice infected
with either strain N6 or PAOI, it appears that a lack of sig-
naling through IL-1R allows for the persistence of P. aerugi-
nosa in an anatomical site where acquired immune responses
are engendered. Serum antibody responses were not observed
in any of the WT mice despite the fact that some of the mice
had persistent or intermittent colonization with P. aeruginosa,
indicating that in WT mice the microbes remained confined to
the oropharynx at a low enough level to avoid induction of
acquired immunity or that any immune response engendered
in WT mice did not persist.

The lack of overt pathology in the lungs of the IL-1R knock-
out mice at the end of the chronic colonization trial, which
contrasted with the lung pathology seen in a similar model
using transgenic CF mice (9), indicates that factors other than
aberrant signaling through IL-1R contribute to the develop-
ment of the severe lung pathology seen in the setting of CF.
Alternately, due to the relatively short life span of mice and the
constraints that impact the length of time one can reasonably
study a chronic infection in a laboratory setting, the IL-1R
knockout mice may simply not have been infected long enough
for more-severe pathology to develop. Indeed, CF patients are
clearly exposed to P. aeruginosa at an early age and virtually all
patients have detectable immune responses to P. aeruginosa by
3 years of age (7), long before significant lung pathology and
other clinical manifestations of the disease arise in most pa-
tients (13, 26). Notably, a recent, well-conducted study showed
that an average of almost 10 years is required for P. aeruginosa
in CF patients to convert from the relatively benign nonmucoid
form to the more-virulent mucoid form (26), and only when
infection with mucoid P. aeruginosa emerges do significant lung
function deterioration and pathology develop (11, 24, 32, 33).
There is no reason to believe that, simply because mice have a
shorter life expectancy than humans, the development of lung
pathology in response to chronic P. aeruginosa lung infection
will progress more rapidly or mucoid forms of the organism
will emerge more quickly. Overall, the IL-1R knockout mice,
like transgenic CF mice (9), are likely representative of a
young CF patient during the first year of infection with non-
mucoid P. aeruginosa, where little if any lung pathology is likely
to be seen, and in whom clinical signs are mostly absent.

The role of IL-1 in P. aeruginosa infection has been studied
previously in the context of acute infection. In these studies,
IL-1 has been reported to have deleterious effects on the host.
Schultz et al. (44) demonstrated that a lack of IL-1R had a
protective effect in response to acute infection with P. aerugi-
nosa; these investigators found fewer CFU of P. aeruginosa in
the lungs of IL-1R knockout mice than the number of bacteria
in the lungs of wild-type mice (44). In another study, IL-1B
neutralizing antibodies administered immediately after acute
P. aeruginosa infection protected the mice from sepsis and

INFECT. IMMUN.

lethal pneumonia (18). Here, we found that a lack of IL-1R
leads to increased colonization and P. aeruginosa-specific an-
tibody production in a chronic infection model. The host re-
sponse to a modest bacterial exposure in our chronic infection
model suggests that a moderate amount of IL-1pB release and
signaling through IL-1R may play a beneficial role for the host.
In contrast, in acute infection models, wherein the bacterial
inoculum is large because this is needed to overcome host
innate immunity, exaggerated IL-18 production may under
some circumstances be detrimental to the host. This conclusion
is supported by data from Amura et al. (3), who used a gran-
ulocytopenic mouse model to demonstrate that pretreatment
with IL-1 before acute infection leads to enhanced protection
from P. aeruginosa challenge. The beneficial effect of IL-1 in
the latter model was likely due to the low dose of P. aeruginosa
to which the granulocytopenic mice were exposed, allowing
them to benefit from the early IL-1 exposure. Overall, the role
of IL-1 and signaling through IL-1R in response to P. aerugi-
nosa infection appears to be typical of the role of many inflam-
matory cytokines and their receptors in response to infection:
properly timed release of physiologic amounts of the cytokine,
usually early in the infectious process, leads to enhancement of
innate immunity and effective microbial clearance, whereas
continued cytokine release when infection persists leads to
pathological responses that inhibit bacterial clearance and
instead contribute to tissue pathology.

Together, our results indicate that release of IL-1 and sig-
naling through IL-1R on respiratory epithelial cells are neces-
sary for rapid NF-«B translocation in response to P. aeruginosa
and this process is maximal in cells with WT-CFTR. Another
component of the NF-kB response is the CFTR-mediated in-
ternalization of P. aeruginosa via lipid rafts (18, 25). Both IL-1
release and bacterial internalization may be central to the
development of effective innate immunity, leading to clearance
of this microbe from the respiratory tract. Signaling through
other NF-kB activation pathways—such as TLRs—has also
been shown to occur in airway epithelial cells, but none of the
studies published to date have evaluated the effect of mutant
CFTR on these responses, and the NF-kB-dependent re-
sponses have all been measured 4 h or more after infection.
Therefore, the contribution of TLR pathways to host resis-
tance or pathology may be occurring primarily at later time
points in the infection. Of note, Blander and Medzhitov (5)
have recently shown that TLR2 and TLR4 responses to bac-
terial activators occur not by binding to bacterial molecules on
cell surfaces but instead occur within phagosomes following
endocytic or phagocytic internalization of the microbes. If this
result can be generalized to the airway epithelial cell responses
to P. aeruginosa LPS, flagella, and other structures, then the
ability of WT-CFTR to mediate P. aeruginosa internalization
could represent a key component of TLR-based cellular innate
responses to bacterial factors that are presented by the whole
bacterium. Blander and Medzhitov’s findings (5) also suggest
that activation of TLRs by purified bacterial products may not
fully represent the actual response that occurs with a TLR
stimulus, which may be confined to interactions inside a phago-
some. Overall, our findings suggest that WT P. aeruginosa must
induce at least two responses in lung epithelial cells—IL-1
release and signaling, and entry of CFTR into lipid rafts and
bacterial internalization (25)—in order to activate NF-«kB nu-
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clear translocation and that these responses are all key com-
ponents of the CFTR-dependent resistance of the lung to P.
aeruginosa infection.
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