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Immune cells are activated during cellular responses to antigen by
two described mechanisms: (i) direct uptake of antigen and (ii)
extraction and internalization of membrane components from
antigen-presenting cells. Although endocytosis of microbial anti-
gens by pattern recognition molecules (PRM) also activates innate
immunity, it is not known whether this involves extraction and
internalization of microbial surface components. Epithelial cells on
mucosal surfaces use a variety of receptors that are distinct from
the classical endocytic PRM to bind and internalize intact microor-
ganisms. Nonclassical receptor molecules theoretically could act as
a type of endocytic PRM if these molecules could recognize, bind,
extract, and internalize a pathogen-associated molecule and initi-
ate cell signaling. We report here that the interaction between the
cystic fibrosis transmembrane conductance regulator (CFTR) and
the outer core oligosaccharide of the lipopolysaccharide (LPS) in
the outer membrane of Pseudomonas aeruginosa satisfies all of
these conditions. P. aeruginosa LPS was specifically recognized and
bound by CFTR, extracted from the organism’s surface, and endo-
cytosed by epithelial cells, leading to a rapid (5- to 15-min) and
dynamic translocation of nuclear transcription factor NF-�B. Inhi-
bition of epithelial cell internalization of P. aeruginosa LPS pre-
vented NF-�B activation. Cellular activation depended on expres-
sion of wild-type CFTR, because both cultured �F508 CFTR human
airway epithelial cells and lung epithelial cells of transgenic-CF
mice failed to endocytose LPS and translocate NF-�B. CFTR serves
as a critical endocytic PRM in the lung epithelium, coordinating the
effective innate immune response to P. aeruginosa infection.

A lthough numerous bacterial cell-surface molecules have
been identified as ligands for eukaryotic cell receptors (1),

it has not been determined whether the ligand–receptor inter-
action serves solely to promote bacterial binding and ingestion
by eukaryotic cells. The hypothesis that bacterial ligands can be
extracted and internalized by epithelial cells to serve a signaling
function for the host has not been tested. Studies using purified
pathogen-associated molecular pattern (PAMP) molecules have
suggested that recognition of conserved PAMPs—such as bac-
terial lipopolysaccharide (LPS) and peptidoglycan—by pattern
recognition molecules (PRM) of the innate immune system
represents a key component of host resistance to infection.
Almost all studies published to date on PRM activation of cells
used purified PAMPs such as LPS, CpG-rich DNA, peptidogly-
can, etc., without evidence that these are released naturally from
microbes, particularly during the early stages of infection.

Early recognition of a pathogen by epithelial cells on a
mucosal surface likely involves binding of the whole microbial
cell rather than binding of released PAMP. Eukaryotic cell
extraction of PAMPs could serve as an amplification mechanism
to stimulate an effective innate immune response. Vesy et al.

showed that LPS-binding protein and phospholipid transfer
protein can release LPS from isolated Gram-negative bacterial
outer membrane fragments and transfer the LPS to human
high-density lipoproteins (2) but did not report on extraction of
LPS from the membranes of intact bacteria. Interactions be-
tween T lymphocytes and antigen-presenting cells can lead to
endocytosis of membrane components and subsequent cellular
activation (3). Therefore, we investigated whether extraction of
LPS from the surface of Pseudomonas aeruginosa by the cystic
fibrosis transmembrane conductance regulator (CFTR), which
specifically binds to the outer core oligosaccharide of this
organism’s LPS, could result in responses that initiate innate
immunity.

Methods
Cell Lines. Respiratory epithelial cell lines used were CFT1-
�F508 cells (three alleles of human �F508 CFTR) and CFT1-
LCFSN cells that express a functional wild-type (wt) human
CFTR gene in this cellular background (4).

In Vivo Mouse Experiments. Wt C3H�HeN mice were obtained
commercially. Noninbred, homozygous �F508 cftr mice (5) and
doubly transgenic S489X cftrFABPhuCFTR mice expressing no
murine CFTR protein, but expressing wt human CFTR protein
in the gastrointestinal tract from the CFTR gene under the
control of the mouse fatty acid binding protein promoter (6),
were bred in our facility (7). Breeding and mouse genotyping and
phenotyping were performed as described (7).

Mice were anesthetized as described (7) for intratracheal
injection of LPS and intranasal application of whole bacteria (8),
and lung tissues were processed for histology. The slides were
deparaffinized, rehydrated, and incubated with rabbit antibody
to human (p65) NF-�B (Santa Cruz Biotechnology) for 90 min
at 37°C and then incubated with Alexa Fluor 594 dye-labeled
goat anti-rabbit IgG and with Alexa Fluor 488 dye directly
conjugated to mouse anti-CFTR mAb CF3 (5) for 90 min at
37°C. 4�,6-Diamidino-2-phenyindole dihydrochloride was added
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for the final 1 h as a nuclear stain. The slides then were visualized
by using confocal microscopy.

Bacterial Strains, LPS Purification, and Fluorescent Labeling of LPS. Wt
P. aeruginosa strain PAO1-V (7) and two nonmucoid, LPS-
smooth clinical isolates from CF patients obtained early in the
course of infection were used. Escherichia coli TG1 also was used
in some experiments. Wt LPS and LPS lacking the outer-core
oligosaccharide were purified as described (9). LPS was labeled
with FITC as described (10). Purity, f luorescent labeling, and
immunological reactivity of FITC-LPS were confirmed by UV
scan, SDS�PAGE, and immunoblot analysis.

Preparation of Liposomes and Planar Bilayers. Unilamellar mem-
branes were formed by freeze-thawing and extrusion (11) to
incorporate different densities of FITC-LPS into the liposomes.
Planar bilayers were formed on round, glass cover slips (25 mm
diameter) as described (12).

Confocal and Fluorescence Microscopy. LPS uptake by epithelial
cells was measured by using a Meridian Ultima laser cytometer
system, including an argon laser (Coherent Radiation, Palo Alto,
CA; excitation wavelength, 488 nm) and a �40 oil-immersion
objective (numerical aperture � 1.3). The ability of FITC-LPS
to diffuse laterally in the planar bilayers was confirmed as
described previously (13). For nonconfocal XY images, the size
of the scanned field was 90 � 90 �m and fluorescence counts
were measured at 1-�m intervals. To view directly the intracel-
lular uptake of fluorescence, confocal XZ and XY planes also
were scanned by using a field of 36 � 36 �m, and fluorescence
counts were measured at 0.4-�m intervals. Each point was
sampled 20 times with 4-�s laser pulses, and the fluorescence
counts were averaged before the next point was scanned. The
laser power at the microscope stage was about 1 mW, and the
beam diameter was about 2 �m.

Additional confocal images were obtained by using a Bio-Rad
MRC-1024 microscope interfaced with a krypton–argon laser or
with a Tsunami mode-locked, titanium–sapphire multiphoton
laser (Spectra-Physics) as described (7), except that in some
cases, the TO-PRO-3 nuclear stain was used to visualize the
nucleus.

NF-�B Activation Analysis. An Effectene transfection kit (Qiagen,
Chatsworth, CA) was used to transfect cultured human cells with
0.35 �g of NF-�B-Luciferase Mercury profiling plasmid (CLON-
TECH) for 43 h at 37°C. Cells then were washed with F12 and
stimulated for 15 min at 37°C with 6 �l of a 5% solution of
liposomes containing either no LPS or wt P. aeruginosa LPS.
Cells then were washed, incubated for 4 h in F12, washed again,
and lysed, and the cell extracts were harvested. Luciferase
activity was analyzed by using a Luciferase assay kit (Promega);
the luminescence of each sample was measured for 10 s with an
Optocomp I Luminometer (MGM Instruments, Hamden, CT).

FACS Analysis. Sonicated (5 min) wt P. aeruginosa FITC-LPS (8
�g�ml in F12) was incubated for 2 h at 37°C with 50 nM of
peptide SYDPDNKEER, representing amino acids 108–117 of
the first CFTR extracellular domain, or with peptide KDPNY-
DERSE, a scrambled version of peptide 108–117. LCFSN or
�F508 cells (2 � 105) in F12 medium were gently pelleted in
polypropylene tubes, resuspended in 400 �l of medium only or
the FITC-LPS�peptide mix, and incubated for 1–2 h at 37°C.
Cells were washed three times with PBS to remove unbound LPS
and then fixed in 4% paraformaldehyde. Flow cytometry using
the 488-nm excitation line was performed as described previ-
ously (7).

Fusion of LPS-FITC into the P. aeruginosa Membrane. P. aeruginosa
strain PAO1-V was grown overnight at 37°C and adjusted to 109

colony-forming units�ml with a spectrophotometer. Twenty
microliters of a 5% FITC-LPS liposome solution was added to
4 ml of bacteria. This mixture was rotated gently for 24 h at 4°C.
Bacterial cells were counterstained with 5 �M SYTO-17 dye
(Molecular Probes) for 30 min at room temperature. Bacteria
were washed eight times before use to remove unbound dye and
unincorporated LPS.

Immunoelectron Microscopy. CFT1-LCFSN cells were incubated
with P. aeruginosa PAO1-V for 4 h. Unbound bacteria were
washed away with PBS. Staining for LPS was carried out as
described by using normal or immune serum and Protein A gold
particles for visualization by electron microscopy (14). Images
were taken at a magnification of �25,000.

Fig. 1. NF-�B nuclear translocation in vivo in epithelial cells in small airways sectioned from lungs of wt and transgenic �F508 CF mice 15 min after intranasal
infection with whole bacteria or intratracheal infection with LPS in liposomes. Sections were stained for NF-�B (red channel, arrow, e), CFTR (green channel,
arrow, a), and nuclear DNA (blue channel, arrow, a). Yellow to orange color (arrow, a) represents overlap of cytoplasmic CFTR and NF-�B. Colocalization of
translocated NF-�B with nucleic acid is shown as a magenta color (arrow, b) produced from the overlap of the blue and red fluorescence signals. (�400.) (a) Wt
lungs � P. aeruginosa LPS. (b) Colocalization depiction of a. (c) Wt lungs � P. aeruginosa bacteria. (d) Colocalization depiction of c. (e) �F508 CF lungs � P.
aeruginosa LPS. ( f) Colocalization depiction of e. (g) �F508 CF lungs � P. aeruginosa bacteria. (h) Colocalization depiction of g. (Insets) Higher-power view (�800)
of section of lung airway from �F508 CF lungs. (i) FABP CF lungs � P. aeruginosa bacteria. (j) Colocalization depiction of i. (k) �F508 CF lungs � P. aeruginosa
clinical isolate. (l) Colocalization depiction of k. (m) Wt lungs � P. aeruginosa clinical isolate. (n) Colocalization depiction of m. (o) Wt lungs � E. coli bacteria.
(p) Colocalization depiction of o.

6908 � www.pnas.org�cgi�doi�10.1073�pnas.092160899 Schroeder et al.



Statistical Analysis. ANOVA and the Fisher probable least sig-
nificant differences posthoc test were used on multiple compar-
ison data. Differences in cellular labeling using FACS were
determined by using Kolmogorov–Smirnov statistical analysis.

Results
In Vivo Epithelial Cell Response to P. aeruginosa Infection. Mice were
infected either intranasally with 2 � 107 whole bacterial cells or
intratracheally with liposomes containing 10 �g of LPS from wt
P. aeruginosa. Both treatments induced rapid NF-�B nuclear
translocation in lung epithelial cells of mice expressing wt CFTR.
Translocation was detected as early as 5 min after infection (not
shown), peaked around 15 min postinfection (Fig. 1 a–d), and
could no longer be detected by 45 min postinfection (not shown).
Little to no detectable NF-�B nuclear translocation was seen in
lung cells from transgenic �F508 cftr mice (Fig. 1 e– h), although
immunofluorescence microscopy confirmed the presence of P.
aeruginosa in the lungs of these mice (not shown). There was no
translocation of NF-�B after intratracheal injection of P. aerugi-
nosa into doubly transgenic S489X cftrFABPhuCFTR mice, which
lacked expression of murine CFTR in any tissue but expressed
human CFTR in the gastrointestinal tract (ref. 6; Fig. 1 i and j).
Infection of wt and �F508 cftr mice with clinical isolates of P.
aeruginosa produced the same result as infection with P. aerugi-
nosa PAO1-V (one example, Fig. 1 k– n). E. coli, whose LPS lacks
the CFTR ligand, failed to elicit NF-�� nuclear translocation in
the lung epithelium of mice expressing wt CFTR (Fig. 1 o and p).

In Vitro Responses of Human Epithelial Cells. Similar results were
obtained by using cultured human lung epithelial cells that were
isogenic for expression of either the �F508 or the wt CFTR
alleles. For some experiments, P. aeruginosa LPS was incorpo-
rated into liposomes before exposure of the cells to LPS. In other
experiments, P. aeruginosa LPS was labeled with FITC. Wt-
CFTR human cells showed rapid nuclear translocation of cyto-
plasmic NF-�B after exposure to either P. aeruginosa cells, P.
aeruginosa LPS in liposomes, or free LPS (Fig. 2 a–c). Previous
studies have demonstrated that incubation of P. aeruginosa cells
with CFTR peptide 108–117 inhibits bacterial uptake (4, 15) and
activation of epithelial cell src-like tyrosine kinases p60Src and
p59Fyn (15), although this treatment also increases adherence of
the bacteria to epithelial cells. Here, CFTR peptide 108–117
inhibited NF-�B translocation induced by P. aeruginosa cells
(Fig. 2d) or by P. aeruginosa LPS in liposomes (not shown),
whereas a scrambled version of this peptide did not (Fig. 2e).
Importantly, treatment of P. aeruginosa cells or LPS with CFTR
peptide 108–117 did not prevent binding of the bacteria or
liposomes to epithelial cells. Thus, bacterial binding to epithelial
cells, in and of itself, did not induce NF-�B nuclear translocation.

E. coli LPS in liposomes did not elicit NF-�B translocation in
epithelial cells expressing wt CFTR (Fig. 2f ). Because NF-�B
translocation in response to E. coli LPS requires the cellular
proteins CD14, MD-2, and toll-like receptor 4, these results
indicated that at least one of these molecules was not present or
functional in this system. Human airway epithelial cells that
expressed only �F508 CFTR alleles translocated little to no
NF-�B to the nucleus after exposure to FITC-labeled P. aerugi-
nosa LPS (Fig. 2g) or to whole P. aeruginosa cells (not shown).
Because P. aeruginosa cells are flagellated and express a high
content of CpG DNA, neither of these ligands for toll-like
receptors 5 and 9 were active in this system. FITC-labeled
incomplete-core LPS, which lacks the CFTR-binding oligosac-
charide but contains the lipid A core, did not elicit NF-��
translocation (Fig. 2h). Using a reporter plasmid to measure
NF-�B activation, only the cells with wt-CFTR produced de-
tectable luciferase activity after stimulation with either free P.
aeruginosa LPS or LPS in liposomes (Fig. 2k). Thus, the rapid
epithelial cell NF-�B translocation induced by P. aeruginosa cells

or LPS depended on binding of P. aeruginosa complete-core LPS
to wt CFTR protein.

Treatment of �F508 CFTR cells with 10% glycerol promotes
trafficking of the mutant protein from intracellular compart-
ments into the plasma membrane (16). Human airway epithelial
cells expressing only the �F508 CFTR allele and treated with
10% glycerol overnight showed substantial nuclear translocation

Fig. 2. In vitro translocation of NF-�B to the nucleus of cultured human
epithelial cells expressing either �F508 or wt CFTR. Sections were stained for
NF-�B (red) and nuclear DNA (blue). FITC-labeled LPS is green. Translocation of
NF-�B into the nucleus is shown as a magenta color produced from overlap of
the blue and red fluorescence signals in the images to the immediate right
of a–e. (a) Wt CFTR cells incubated with P. aeruginosa whole bacteria. (b) Wt
CFTR cells incubated with P. aeruginosa LPS in liposomes. (c) Wt CFTR cells
incubated with free P. aeruginosa LPS. (d) Wt CFTR cells incubated with
P. aeruginosa and CFTR peptide 108–117. (e) Wt CFTR cells incubated with
P. aeruginosa and a scrambled version of CFTR peptide 108–117. ( f) Wt CFTR
cells incubated with E. coli LPS in liposomes. (g) �F508 CFTR cells incubated
with wt P. aeruginosa FITC-LPS in liposomes. (h) Wt CFTR cells incubated with
FITC-labeled P. aeruginosa incomplete core LPS (lacks CFTR ligand) in lipo-
somes. (i) �F508 CFTR cells treated with 10% glycerol overnight to induce
cell-surface expression of the �F508 CFTR protein, then incubated with wt P.
aeruginosa LPS. (j) Colocalization depiction of i. (k) Induction of NF-�B lucif-
erase activity, measured as relative light units (RLU), in transfected wt or �F508
CFTR cells exposed to P. aeruginosa LPS in liposomes or as free LPS. No activity
above background was seen when �F508 CFTR cells were exposed to P.
aeruginosa LPS.
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of NF-�B 15 min after addition of wt P. aeruginosa LPS in
liposomes (Fig. 2 i and j). The �F508 CFTR protein thus was
capable of mediating rapid NF-�B nuclear translocation when
the mutant protein was properly chaperoned in the cell.

CFTR-Dependent Extraction of LPS from Lipid Bilayers. Cell lines with
wt or �F508 CFTR were incubated on a glass-supported planar
bilayer membrane (13) reconstituted with FITC-labeled wt P.
aeruginosa LPS, and the interaction between the unilamellar
membrane and the epithelial cell was observed by using a
Meridian Ultima interactive laser cytometer (Meridian Instru-
ments, Lansing, MI). Scans through the XZ planes showed that
wt CFTR cells rapidly internalized the FITC-labeled LPS (Fig.
3a). Scans through the XY planes, from below the planar bilayer
to the top of the epithelial cell, confirmed the cellular uptake of
LPS (Fig. 3b). FITC-labeled LPS from a mutant P. aeruginosa
strain that lacks the bacterial oligosaccharide ligand for CFTR
was not taken up by wt epithelial cells, and �F508 CFTR
epithelial cells were unable to extract wt LPS from the planar
bilayer (not shown). Quantitative measurements confirmed that
epithelial cells with the wt CFTR allele took up significantly
more fluorescent wt LPS from the planar bilayer than did cells
with the �F508 CFTR allele (Fig. 4a). FACS analysis of epithelial
cell endocytosis of liposomal FITC-labeled LPS confirmed the
findings obtained with FITC-labeled LPS that had been pre-
sented in planar bilayers (Fig. 4b). Specific uptake of wt LPS by
cells expressing wt CFTR was inhibited by incubation of the LPS
with CFTR peptide 108–117 but not by incubation with a
scrambled version of this peptide (Fig. 4c).

CFTR-Dependent Extraction of LPS from the Bacterial Surface. CFTR-
dependent extraction of LPS from the P. aeruginosa outer
membrane, followed by NF-�B nuclear translocation and cellu-
lar activation, could be the molecular basis for an effective innate
immune response that is lacking in patients with two mutant
CFTR alleles. Previous studies have shown that, after ingestion
of Salmonella enterica into a cytosolic vacuole of epithelial cells,
the LPS dissociates from the bacterial surface (17). The epithe-
lial cell components or mechanisms involved in LPS dissociation

have not been described, however. Here, FITC-labeled LPS was
reconstituted into the bacterial outer membrane by fusing LPS-
containing liposomes with P. aeruginosa cells and washing the
bacteria extensively to remove unbound LPS (Fig. 5 a–d).
FITC-labeled LPS was extracted from the reconstituted P.
aeruginosa cells by epithelial cells expressing wt CFTR; such cells
showed a pattern of diffuse cellular LPS uptake (Fig. 5e). Higher
magnification views showed cells with diffuse, green LPS inter-
spersed among punctate red-stained, intact bacterial cells (Fig.
5f ). Epithelial cells expressing wt CFTR also were able to extract
FITC-labeled P. aeruginosa LPS from E. coli bacteria reconsti-
tuted with P. aeruginosa LPS (Fig. 5g). Epithelial cells expressing
only the �F508 CFTR allele did not take up P. aeruginosa
FITC-LPS from cells reconstituted with this labeled lipopoly-
saccharide (Fig. 5 h and i).

Immunoelectron microscopy was used to verify that cells
expressing wt CFTR could promote extraction of LPS from
intact whole P. aeruginosa cells. Substantial binding of anti-LPS
antibody was observed within the cytoplasmic vacuole of epi-
thelial cells, identifying both free LPS molecules and LPS
molecules on the surface of P. aeruginosa cells that had been
ingested into the vacuole (Fig. 5j). No such binding was seen
when using normal rabbit serum (Fig. 5k). Thus, wt CFTR was
required for extraction of P. aeruginosa LPS from the bacterial

Fig. 3. Extraction and internalization of wt P. aeruginosa LPS from a
unilamellar lipid bilayer. (a) Confocal XZ scans of six different wt CFTR cells
taking up FITC-LPS from a planar lipid bilayer. (b) Nineteen confocal XY scans,
from the bottom to the top of the cell at 1-�m intervals, of a single cell taking
up FITC-LPS. The first image plane was �2 �m below the plane of the lipid
bilayer containing P. aeruginosa FITC-LPS. White arrow indicates internalized
FITC-LPS in one panel.

Fig. 4. Quantitative analysis of LPS extraction and uptake from a planar lipid
bilayer. (a) Comparative endocytosis, by wt and �F508 CFTR cells, of wt P.
aeruginosa FITC-LPS that had been reconstituted in a planar lipid bilayer. Wt
CFTR cells endocytosed only a minimal amount of P. aeruginosa FITC-LPS with
an incomplete core (lacks CFTR ligand). (b) Flow cytometer analysis of epithe-
lial cell endocytosis of P. aeruginosa FITC-LPS. Maximal endocytosis required
both wt CFTR epithelial cells and wt P. aeruginosa FITC-LPS with a complete
outer core. Bars represent means and error bars represent standard errors (not
visible because of small size for some bars). Asterisks (*) indicate a significant
difference of P � 0.001 by ANOVA and Fisher probable least significant
differences. (c) Inhibition of LPS uptake by incubation of wt CFTR cells with
CFTR peptide 108–117 (black histogram). A scrambled version of CFTR peptide
108–117 (dashed line) showed no inhibition compared with the control (solid
line). Incubation of LPS with the native peptide significantly inhibited uptake
by epithelial cells (P � 0.001, Kolmogorov–Smirnov statistical analysis).
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surface, although it is not clear whether the CFTR protein itself
carried out the extraction or whether other cofactors also were
needed.

Discussion
The recently completed human genome sequence predicts only
30,000–40,000 genes (18), perhaps twice that of the nematode
Caenorhabditis elegans (18). Thus, a number of mechanisms,
including alternative splicing of mRNA (18), use of small genetic
elements to produce variable proteins such as antibodies and T
cell receptors (19), and multifunctionality of individual proteins,
are important for carrying out the variety of physiologic activities
in a human organism. A protein with multiple functional phe-
notypes likely would use several of its intrinsic properties to
generate these different phenotypes. Some of the multifunc-
tional properties of CFTR have been characterized, including its
ability to regulate other ion channels, to interact with other
proteins through PDZ domains, and to traffic through the
plasma membrane (20). Cell surface receptor trafficking and
signaling are key mechanisms by which information about ex-
tracellular conditions is transmitted to the inside of the cell to
activate appropriate cellular responses. Our results indicate that
CFTR has acquired the ability to function as an endocytic PRM
by using a small, 10-aa portion of an extracellular loop to bind
to and remove the outer-core oligosaccharide of P. aeruginosa
LPS and signal airway epithelial cell activation. CFTR that lacks
the amino terminus required for binding to P. aeruginosa LPS
still functions as a chloride ion channel (21), indicating that the
amino terminus of CFTR is dispensable for this function. Thus,
the multiple properties of CFTR allow for functionally disparate
phenotypes to be mediated by one molecule.

CFTR functions as an endocytic PRM not only in epithelial
cells in culture but also in lung tissues of wt, but not transgenic
CF, mice. Previous work has shown that CFTR binding to P.
aeruginosa results in bacterial internalization and elimination via
cellular desquamation (4, 7, 22). The findings here extend the
role of CFTR in innate immunity to P. aeruginosa infection by
showing that the CFTR–P. aeruginosa interaction also leads to

rapid NF-�B nuclear translocation, a process that occurs in an
intact, living tissue as well as cultured cells. Li et al. (23) showed
a commercial P. aeruginosa LPS preparation of undefined purity
activated NF-�B in cultures of cells with wt CFTR but did not
define the CFTR dependence of this activation or perform an
analysis in living tissue.

Some in vitro studies have suggested that P. aeruginosa does
not enter polarized epithelial cells via the apical surface, where
the CFTR protein is localized in the plasma membranes of cells
in uninfected tissue (24, 25). It is clear, however, that the cells
used in these studies had a much higher transepithelial resistance
(�1,000 ohms) than the resistance of about 350–400 ohms
measured in intact tissue (26). When polarized cells are treated
with agents that disrupt tight junctions sufficiently to bring the
resistance into a more physiologic range, then P. aeruginosa
readily binds to and invades these cells via CFTR. P. aeruginosa
infection also promotes CFTR trafficking to the nonapical
surface of polarized epithelial cells via rapid translocation from
cytoplasmic stores (27). Therefore, our finding of an in vivo role
for CFTR in NF-�B activation because of P. aeruginosa infection
validates the more detailed in vitro findings in cultured cells.

Controversy exists over the role of NF-�B translocation and
associated activation of inflammatory cytokine production in the
pathogenesis of CF lung disease. Some clinical studies detect
inflammatory cytokines such as IL-8 that are likely to be
controlled by NF-�B activation in the lungs of young, apparently
uninfected CF patients (28, 29). Other studies have not found
any differences in cytokine levels between uninfected CF and
control subjects (30). One study indicated that alveolar macro-
phages are the principal source of IL-8 (31). Burns et al. (32)
recently have shown that P. aeruginosa infection occurs early but
intermittently in almost all CF patients by the age of 3, suggesting
that studies detecting elevated IL-8 but no infection could have
been measuring a response to a recently resolved infection. Some
reports have indicated that transformed cells with nonfunctional
CFTR show constitutive NF-�B nuclear translocation and asso-
ciated production of IL-8 (33, 34) whereas others have not (35).
Bedard et al. (36) finds no evidence for elevated production of

Fig. 5. Epithelial cells extract LPS from bacterial cells. (a– c) Confocal images of wt FITC-LPS reincorporated into the outer membrane of live P. aeruginosa cells.
(a) FITC fluorescence (green channel) of wt FITC-LPS in the membrane of P. aeruginosa strain PAO1-V. (b) PAO1-V cells with reincorporated wt FITC-LPS were
counterstained with SYTO-17 (red), and cells were visualized in both the red and green channels. (c) Low-power (�400) view of a field of PAO1-V cells with
reincorporated wt-FITC-LPS. (d) Colocalization box plot showing distributions of intensity of red and green fluorescent (Fluor) stains. (e–g) Cultured wt CFTR
human epithelial cells extracted LPS from live bacterial cells. (e) Wt P. aeruginosa FITC-LPS as extracted from the outer membrane of PAO1-V by epithelial cells
(�400) and visualized as a diffuse, green stain. ( f) High-magnification (�1,000) scan of a cell from e, showing diffuse, green LPS and punctate, red P. aeruginosa
cells. (g) Wt P. aeruginosa FITC-LPS reincorporated into E. coli was extracted from the outer membrane, as visualized by the diffuse green staining. (h and i) Wt
P. aeruginosa FITC-LPS reincorporated into PAO1-V cells was not extracted from the outer membrane by epithelial cells expressing �F508 CFTR. Confocal (h) and
bright-field (i) images, as indicated (�100). (j and k) Extraction and endocytosis of P. aeruginosa LPS in vacuoles of wt CFTR epithelial cells. (j) Gold particles (20
nm) demonstrated the presence of LPS on the osmiophilic coat of ingested P. aeruginosa PAO1-V as well as in a space in close proximity to the bacterium. Inset
provides an enlarged view of a portion of the bacterial surface to demonstrate LPS molecules detected by the immunogold stain. (k) Control using normal rabbit
serum. (�25,000.)
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IL-6, IL-8, or granulocyte�macrophage colony-stimulating fac-
tor when using primary epithelial cell cultures from the lungs of
CF patients. Finally, Scheid et al. (37) report no difference in the
basal levels of NF-�B translocation and IL-8 production when
comparing CF and non-CF primary nasal epithelial cells in
culture, wt and transgenic CF mouse tissues, and wt and CF cell
lines, although more prolonged interaction between CF cells and
P. aeruginosa does lead to NF-�B activation. Our observations
reported here are consistent with the conclusion that CF epi-
thelial cells do not constitutively translocate NF-�B to the
nucleus.

Genetic deficiencies and polymorphisms in PRM genes re-
cently have been appreciated to have a role in susceptibility and
response to infectious pathogens (38). CF patients lack func-
tional CFTR and are hypersusceptible to lung infections with a
variety of bacterial pathogens; P. aeruginosa is the predominant
pathogen that is responsible for most of the morbidity and
mortality in CF. Our finding that CFTR is a PRM for P.
aeruginosa supports the observations of others that genetic

polymorphisms in PRM underlie disease susceptibility. The
rapid and dynamic NF-�B nuclear translocation induced in wt
lung epithelial cells by CFTR-promoted extraction of P. aerugi-
nosa LPS appears to be a key molecular mechanism of innate
immunity to this pathogen. This response is lacking in CF
patients. Overall, the lack of proper PRM activity because of
missing or nonfunctional CFTR compromises the ability of the
lung epithelium to orchestrate effective innate immunity to P.
aeruginosa infection.
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