
Counteracting Signaling Activities in Lipid Rafts Associated with
the Invasion of Lung Epithelial Cells by Pseudomonas aeruginosa*

Received for publication, November 13, 2008, and in revised form, February 5, 2009 Published, JBC Papers in Press, February 11, 2009, DOI 10.1074/jbc.M808629200

David W. Zaas‡1, Zachary D. Swan‡, Bethany J. Brown§, Guojie Li¶, Scott H. Randell�, Simone Degan**,
Mary E. Sunday**, Jo Rae Wright§, and Soman N. Abraham¶**‡‡

From the ‡Division of Pulmonary, Allergy, and Critical Care Medicine, Department of Medicine, and Departments of §Cell Biology,
¶Pathology, **Immunology, and ‡‡Molecular Genetics and Microbiology, Duke University Medical Center, Durham,
North Carolina 27710 and the �Departments of Cell and Molecular Physiology and Medicine, University of North Carolina,
Chapel Hill, North Carolina 27599

Pseudomonas aeruginosa has the capacity to invade lung epi-
thelial cells by co-opting the intrinsic endocytic properties of
lipid rafts, which are rich in cholesterol, sphingolipids, and pro-
teins, such as caveolin-1 and -2. We compared intratracheal
Pseudomonas infection in wild type and caveolin-deficientmice
to investigate the role of caveolin proteins in the pathogenesis of
Pseudomonas pneumonia. Unlike wild type mice, which suc-
cumb to pneumonia, caveolin-deficient mice are resistant to
Pseudomonas. We observed that Pseudomonas invasion of lung
epithelial cells is dependent on caveolin-2 but not caveolin-1.
Phosphorylation of caveolin-2 by Src family kinases is an essen-
tial event for Pseudomonas invasion. Our studies also reveal the
existence of a distinct signaling mechanism in lung epithelial
cells mediated by COOH-terminal Src kinase (Csk) that nega-
tively regulatesPseudomonas invasion.Cskmigrates to lipid raft
domains, where it decreases phosphorylation of caveolin-2 by
inactivating c-Src.WhereasPseudomonas co-opts the endocytic
properties of caveolin-2 for invasion, there also exists in these
cells an intrinsic Csk-dependent cellular defense mechanism
aimed at impairing this activity. The success of Pseudomonas in
co-opting lipid raft-mediated endocytosis to invade lung epithe-
lial cells may depend on the relative strengths of these counter-
acting signaling activities.

Pseudomonas (Pa)2 is an important cause of hospital-ac-
quired and healthcare-associated pneumonia (1–4). Despite
appropriate antibiotic therapy, the morbidity and mortality
associated with Pa pneumonia remains high, at least partly due
to the ability of Pa to resist antibiotic-mediated killing (1, 5). It
has recently been recognized that Pa is not solely an extracellu-
lar pathogen and that Pa can invade lung epithelial cells (LECs)

via lipid raft-mediated endocytosis (6–8). Lipid rafts are spe-
cialized areas of the plasma membrane that are detergent-in-
soluble, low density membrane fractions enriched in choles-
terol and sphingolipids (9). An increasing number of pathogens
have been recognized to co-opt the mechanism of lipid raft-
mediated endocytosis in order to invade host cells (10–12).We
have previously shown that Pa co-opts the host endocytic
machinery to invade both LECs where it can survive and repli-
cate (6).
The uptake of Pa requires the expression of several lipid raft-

associated proteins, including the caveolin proteins (6). Caveo-
lin-1 and -2 are co-expressed on a wide range of cell types but
are particularly abundant in endothelial cells, airway epithelial
cells, and type I pneumocytes (9, 13, 14). Caveolin-1 has been
implicated as a scaffolding protein for organizing and concen-
trating caveolin-interacting signaling molecules within caveo-
lae. Caveolin-2 is themost divergent of the caveolin gene family,
with only �50% similarity to caveolin-1 (15). Caveolin-2 inter-
acts with caveolin-1 to form a hetero-oligomeric complex
within lipid rafts (14). In order for caveolin-2 to be expressed,
caveolin-1 serves as a chaperone to transport caveolin-2 to the
plasma membrane. In the absence of caveolin-1, caveolin-2 is
degraded in the Golgi apparatus, and no significant caveolin-2
is expressed (14). As expected based on these observations, the
caveolin-1 knock-out mouse lacks expression of both caveo-
lin-1 and -2 and is functionally deficient in both caveolin-1 and
-2 (16). In addition to serving as key structural proteins that
organize caveolae platforms, caveolin proteins are important in
regulating endocytosis and cell signaling (17, 18). Caveolin pro-
teins serve to regulate cell signaling pathways that are concen-
trated within lipid rafts and have recognized sites of tyrosine
phosphorylation that interact with members of the Src family
kinases (19–22). Studies of the caveolin knock-out mouse have
shown that caveolin plays important roles within the lung (16,
23, 24); however, the role of caveolin proteins and lipid raft-
mediated uptake in the pathogenesis of Pa pneumonia is not
well understood.
The primary aim of this study is to investigate the role of

caveolin proteins in the pathogenesis of Pa pneumonia. We
have hypothesized that Pa invasion of LECs is an important
virulence factor for Pa in the pathogenesis of pneumonia. The
ability of Pa to invade LECs allows for a protected intracellular
niche where Pa may be able to replicate and avoid innate host
defense mechanisms. In this study, we show that caveolin-defi-
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cient mice are less susceptible to Pa pneumonia due to the
inability of Pa to invade LECs. The lipid raft-mediated uptake of
Pa requires the phosphorylation of caveolin-2 by the Src family
of tyrosine kinases. Surprisingly, we also observed that knock-
ing down of the COOH-terminal Src kinase (Csk) resulted in a
4-fold increase in the invasion of Pa into LECs, revealing the
existence of a host cell-mediated response directed at limiting
invasion of Pa. Following exposure to Pa, Csk was found to
migrate to lipid raft fractions of LECs and to inhibit phospho-
rylation of caveolin-2. The importance of Csk in negatively reg-
ulating caveolin-2 and lipid raft-mediated Pa uptake may pro-
vide valuable clues for the development of novel therapies
aimed at abrogating Pa pneumonia in high risk patients.

EXPERIMENTAL PROCEDURES

Animals—Breeding pairs of caveolin-1 knock-out (cav�/�)
mice (Cavtm1Mls/J) and control (cav�/�) mice (B6129SF2/J)
were obtained from Jackson Laboratory.Mice were housed and
bred in pathogen-free facilities at Duke University and handled
according to approved IACUC protocols.
Bacterial Strains and Cell Lines—Pseudomonas aeruginosa

strain 27853, and PAO-1 were obtained from the American
Type Culture Collection (Manassas, VA). Strain S4270 is a clin-
ical isolate that was obtained from the Duke clinical microbiol-
ogy laboratory. P. aeruginosa strains were grown in 5 ml of
static LB broth for 18 h. Staphylococcus aureus was grown for
18 h in 5 ml of brain heart infusion broth (BD Biosciences).
After static incubation for 18 h, bacterial cultures were diluted
1:50 and placed on a shaker at 37 °C for 2–3 h until they reached
midlog growth phase with an A600 of 0.4–0.8. GFP-expressing
strains of Pa were created using pSMC2-GFP vector provided
by George O’Toole (Dartmouth) (25). Pa was made competent
using a magnesium competency protocol and were transfected
with the pSMC2-GFP vector (26).
Murine Model of Pa Pneumonia—The cav�/� and cav�/�

mice were infected with bacteria via direct transtracheal instil-
lation. Mice were sedated with ketamine and xylizine, and a
surgical incision was made in the neck to directly expose the
trachea. Approximately 107 cfu of Pa (ATCC 27853) diluted in
50 �l of Hanks’ buffered saline solution was instilled into the
trachea via a 30-gauge needle. The incision was closed with a
suture, and themiceweremonitored over the next 10 days. Any
mice that weremoribundwere sacrificed using CO2 inhalation.
A total 7 mice/group were used for each of the three experi-
mental replicates that were performed for the survival analysis.
For secondary endpoints,micewere sacrificed at 16 h by a lethal
overdose of pentobarbital. Bronchoalveolar lavage (BAL) was
performed with three serial 1-ml lavages. The lung was re-
moved and fixed in formalin for histological analysis. Addi-
tional lung tissue was homogenized in sterile PBS, and serial
dilutions were plated to obtain data on bacterial burden meas-
ured by colony forming units. Quantitative analysis was carried
out to determine the relative extent of lung consolidation by
pneumonia. The lungswere all inflated to a constant pressure of
25 mm Hg. The area of lung tissue was calculated out using
ImageJ software (version 1.40g). For each slide (representing
one mouse), seven nonoverlapping images were taken ran-
domly at �20 magnification. The total alveolar tissue area was

determined using thresholding, and the final volume of the tis-
sue in all seven fields was averaged. The data were expressed as
mean percentage of the total field� S.E. The final volume of the
tissue in all seven fields was averaged, and the data were
expressed as mean percentage of the total field � S.E.
Isolation of Primary Cells—Murine tracheal epithelial cells

from both cav�/� and cav�/� were isolated as described previ-
ously (27, 28) and were grown on transwells with an air-liquid
interface. In addition, primary alveolar macrophages were iso-
lated according to our previously published protocols (29).
Cytospins of lavages stained with the Hemacolor stain kit
revealed macrophage populations greater than 95% of total
cells. The isolated primary cells were then infected with 105 cfu
of Pa ATCC 27853 diluted in 100 �l of serum-free medium. A
gentamicin protection assay was performed as described below
to quantify the number of intracellular bacteria within the pri-
mary tracheal epithelial cells and alveolar macrophages.
Cell Lines and Constructs—The murine lung epithelial cell

line, MLE-12, was graciously provided by Landon King (The
Johns Hopkins University) and was grown in RPMI 1640
(Invitrogen) supplemented with 10% fetal bovine serum
(Hyclone), 2.0 g/liter sodium bicarbonate, 0.3 g/liter L-gluta-
mine, 2.5 g/liter glucose, 10mMHEPES, and 1mMsodiumpyru-
vate. RNA interference vectors were generated using pQCXIN
retroviral vector (BD Biosciences). Briefly, pQCXIN was
digested by BamHI and EcoRI and then was ligated to generate
pQCXIN1. Human U6 small nuclear RNA promoter was PCR-
amplified from pTZ U6 � 1 (a gift from John Rossi, Beckman
Research Institute of the City of Hope, Duarte, CA) with an
added BglII site (5�-ends) and BamHI and XbaI sites (3�-ends).
The following oligonucleotides were ordered from Integrated
DNA Technologies, Inc. (Coralville, IA): 5�-GAT CCG CTG
AGC ATT GAT GAG GAG TTC AAG AGA CTC CTC ATC
AAT GCT CAGC TTT TTT-3� and 5�-CTA GAA AAA AGC
TGA GCA TTG ATG AGG AGT CTC TTG AAC TCC TCA
ATG CTC AGC G-3� to generate pQC-Csk. Control vectors
were created using a nonsense sequence to create the pQC-
LUC cell line as a control. 5�-GAT CCG TAC GCG GAA TAC
TTC GAA TTC AAG AGA TTC GAA GTA TTC CGC GTA
CTT TTT T-3� and 5�-CTA GAA AAA AGT ACG CGG AAT
ACT TCG AAT CTC TTG AAT TCG AAG TAT TCC GCG
TAC G-3� correspond to nucleotides 423–441 of the firefly
luciferase in the pGL2-control vector. GenBankTM accession
numberX65324was used to generate the control cell line pQC-
LUC. The Amphopack-293 cell line (BD Biosciences) was used
to produce the viral particles.
The 3�FLAG fragment from p3�FLAg-CMV-10 (Sigma)

was PCR-amplified using FLAGF (5�-CCG GGA TCC ACG
GGC TGA CTA CAA AGA CCA TGA CGG TGA T-3�) and
FLAGR (5�-TTC GCG GCC GCT CAC TAC TTG TCA TCG
TCA TCC TTG TA-3�). pLEGFP-N1 (Clontech) was then
ligated with the 3�FLAG fragment to generate pFLAG-N1.
The caveolin-1 gene was PCR-amplified using Cav1F (5�-GAT
CTCGAGATGTCTGGGGGCAAATACGT-3�) andCav1R
(5�-GAT GGA TCC CGT ATC TCT TTC TGC GTG CTG
ATG-3�) to generate pCav1-FLAG. The caveolin-2 gene was
PCR-amplified using 2F (5�-CTC AGA TCT CAT GGG GCT
GGA GAC CGA GAA G-3�) and Cav2R (5�-GAT AAG CTT
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GTC GTG GCT CAG TTG CAT GCT-3�) to generate pCav2-
FLAG. All constructs were sequenced to confirm sequence
accuracy and in-frame of translation.
Gentamicin Protection Assays—MLE-12 cells were grown to

�80% confluence for all experiments. For infections with
strains of P. aeruginosa, cells were infected at a multiplicity of
infection of 300–600 bacteria/host cell by the addition of 100
�l of bacteria diluted in serum-free cell culture medium con-
taining 10 mg/ml bovine serum albumin (Sigma). Plates were
then incubated at 37 °C for 60 min. The medium was replaced
with fresh culture medium containing 50 �g/ml of the mem-
brane-impermeable antibiotic gentamicin (Invitrogen) to kill
extracellular bacteria and incubated for 45 min. Each well was
washed three times with PBS. In order to remove and lyse the
cells, 30 �l of 0.25% trypsin (Invitrogen) was added to each well
for 5 min, and 70 �l of 0.1% Triton X-100 in PBS was then
added. Cells were scraped and transferred to 0.65-ml tubes, and
each well was washed with an additional 100 �l of Triton that
was also transferred to the tubes. The cell lysates were diluted
and plated onto agar plates where colonies were counted to
quantify the number of intracellular bacteria. To test the effect
of pretreatment by specific lipid raft disrupters/usurpers on
bacterial invasion, methyl-�-cyclodextrin (MCD; 3mM; Sigma)
in serum-free medium was added to the cells for 30 min and
then washed off prior to infection. To test the effect of altering
tyrosine phosphorylation on bacterial invasion, the cells were
pretreated with genistein (100 �g/ml; Sigma) for 30 min prior
to infection and throughout the period of infection. After the
preincubation step, the cells were washed, and themediumwas
replaced with bacteria in serum-free medium with or without
the agent being tested as required. The data shown represent a
combination of three separate experiments for each of the bac-
terial invasion studies. The viability of the cells was not affected
by any of the drug treatments used as determined by trypan
blue exclusion.
Confocal Microscopy—MLE-12 cells were seeded onto colla-

gen-coated 12-mm diameter glass coverslips placed into the
wells of a 24-well plate and grown for 36 h. The cells were
infected with ATCC 27853 strain of P. aeruginosa expressing
GFP (25). The infected cells were incubated at 37 °C for 60min,
washed four times with PBS (Invitrogen) to remove unbound
bacteria, and fixed overnight in 2.0% paraformaldehyde in PBS.
After removing the fixative, the cells were permeabilized with
0.1% Triton X-100 (Sigma). Csk was then labeled using poly-
clonal anti-Csk antibody (Upstate Biotechnology, Inc.) and
Alexa-fluor 660 secondary antibodies (Molecular Probes). Fro-
zen sections of murine lungs infected with GFP-expressing Pa
were also examined with a confocal microscopy to identify the
localization of Pa infection in vivo. Lung sections were fixed
with 1% paraformaldehyde and stained with CellMask deep red
plasma membrane stain (Invitrogen). Coverslips were exam-
ined using a Nikon Eclipse TE200 microscope.
Western Blotting and Immunoprecipitation—The following

antibodies were used: anti-rabbit polyclonal caveolin-2 (Abcam),
anti-mouse monoclonal caveolin-2 (BD Biosciences), anti-
mouse monoclonal FLAG antibody (Sigma), anti-rabbit poly-
clonal Csk (BD Biosciences), anti-mouse Csk (BD Biosciences),
anti-rabbit c-Src (eBiosciences), anti-mouse c-Src clone GD11

(Upstate Biotechnology), anti-rabbit src529PY (BIOSOURCE),
and anti-rabbit tyrosine phosphorylation (BD Biosciences).
Cells were grown in a 6-well plate to greater than 90%

confluence. Cells were lysedwith lysis buffer (1:10; Upstate Bio-
technology), phenylmethylsulfonyl fluoride (1 mM), and prote-
ase inhibitor mixture (1:100; Sigma). Cell lysates were normal-
ized for protein and volume. Samples were diluted in Laemmli
sample buffer (Bio-Rad) with mercaptoethanol and boiled for 5
min. Proteins were resolved by SDS-PAGE and transferred to
nitrocellulose membranes. The proteins were detected using
the Super Signal West Pico chemiluminescent kit (Pierce).
Csk, c-Src, and FLAG-caveolin-2 were immunoprecipitated

fromwhole cell lysates ofMLE-12 cells as follows.MLE-12 cells
were grown to 90% confluence in 6-well plates. The cells were
washed twice with cold PBS. The cells were then lysed in 500 �l
of lysis buffer (lysis buffer (Upstate Biotechnology; 1:10), n-oc-
tyl-�-D-glucopyranoside (60 mM; Sigma), phenylmethylsulfo-
nyl fluoride (1 mM), protease inhibitor, phosphatase mixture
(Sigma; 1:100)). The sample was precleared with 30 �l of a 50%
suspension of protein G-Sepharose (Sigma) in PBS for 1 h at
4 °C. The samples were then incubated for 16 h at 4 °C with 50
�l of a 50% suspension of protein G-Sepharose in PBS plus the
indicated primary antibodies. The immunoprecipitates were
washed three times with 1 ml of PBS and resuspended in 50 �l
of Laemmli sample buffer (Bio-Rad) withmercaptoethanol and
boiled for 5min. Immunoprecipitates were assayed byWestern
blotting as described above, and all experimental results were
replicated in at least three separate experiments.
Statistics—Data were compiled and analyzed using Microsoft

Excel� and Graphpad� Prism software. Data for gentamicin
protection assays are reported as amean of at least three exper-
iments with error bars set as S.E. Significance was calculated
using a two-tailed t test or analysis of variance for multiple
comparisons with significance defined as a p value of less than
0.05 (indicated by asterisks). Survival curves were analyzed
using Kaplan Meir survival curves and log rank test in Graph
Pad� Prism 3.0.

RESULTS

Caveolin-deficient Mice (cav�/�) Have LowerMortality after
Intratracheal Infection with Pa—Direct intratracheal instilla-
tion of Pa was selected as a murine model of acute bacterial
pneumonia. Both caveolin-deficient (cav�/�) and wild type
(cav�/�) strains ofmicewere infectedwith 107 cfu of Pa (ATCC
strain 27853) via direct intratracheal instillation and observed
over 10 days. The cav�/� rapidly succumbed to Pa pneumonia
with 25%mortality within 24 h and 100%mortality by 48 h (Fig.
1A). In contrast, the cav�/�micewere profoundly resistant and
showed significantly greater survival than cav�/� controls
(hazard ratio 2.903, log rank p value �0.0001). None of the
cav�/� mice had died during the first 24 h, and any deaths
occurred later than cav�/� controls. The surviving mice were
monitored over 10 days, and the remaining cav�/� mice not
only survived but also fully cleared the bacterial infection. The
surviving mice were sacrificed at day 10, and cultures of BAL
and lung homogenates revealed no growth of Pa.
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Lungs of cav�/�MiceHave Signif-
icantly Lower Bacterial Burden after
Intratracheal Instillation of Pa—In
order to analyze the early response
to Pa pneumonia, both groups of
mice were infected again with 107
cfu of Pa and sacrificed prior to any
mortality at 16 h after infection.
CFU analysis from mice sacrificed
30 min after infection confirmed
that the same amount of bacteria
was delivered to the lungs of both
groups (data not shown). Mice
underwent BAL as well as the
removal of lungs, liver, and spleen to
quantify bacterial burden. cav�/�

mice had significantly lower levels
of Pa in both the BAL fluid (Fig. 1B;
p � 0.0067) and the lung tissue (Fig.
1C; p � 0.0022). Both groups of
mice showed signs of systemic bac-
teremia with dissemination of Pa to
the liver (Fig. 1D) and spleen (Fig.
1E), but there was no difference
between the two groups.
cav�/� Mice Have Less Lung

Injury and Lower Levels of Inflam-
matory Cytokines in the Response to
Pa Infection—The BAL total cell
counts with differentials and cyto-
kine responses were compared after
Pa infection or saline-instilled con-
trols. At base line, we found no dif-
ferences in the BAL cell counts or
levels of inflammatory cytokines
between cav�/� and cav�/� mice.
The BAL cell counts in both cav�/�

and cav�/� mice were 	90% neu-
trophils at 16 h after Pa infection
(data not shown). The cav�/� mice
had lower total cell counts and a
lower number of neutrophils com-
paredwith cav�/�mice (Fig. 1F; p�
0.16), revealing a trend toward a
lower level inflammatory response.
Cytokine measurements in BAL
fluid also demonstrated lower levels
of inflammation in the cav�/� mice
compared with cav�/� controls.
BAL fluid collected 16 h after Pa
infection demonstrated that the
cav�/� mice had significantly
lower levels of MIP-2 (Fig. 1G; p �
0.039), IL-1� (Fig. 1H; p � 0.0001),
and tumor necrosis factor-� (Fig.
1I; p � 0.016).
Base-line lung histology exam-

ined prior to infection showed no
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difference in lung architecture and morphology between the
cav�/� and cav�/� mice at 6–8 weeks of age (data not shown).
Although these findings contrast previous published results
(16), it is probably due to the young age of the mice used in this
study comparedwith the prior descriptions. Four hours after Pa
infection, lung histopathology demonstrated recruitment of
neutrophils into the lung parenchyma with airway inflamma-
tion and minimal alveolar filling. However, we did not observe
any differences between the cav�/� or cav�/� groups (data not
shown). However, by 16 h after infection, there was a striking

difference with less lung injury in
the cav �/� mice versus the
cav�/� mice (Fig. 2). Although
both groups of mice displayed evi-
dence of pneumonia with inflam-
matory cell infiltration, the amount
of consolidation and number of
inflammatory cells were markedly
greater in the cav�/� controls.
Although the lungs of the cav�/�

mice revealed dense inflammatory
infiltrates with areas of complete
destruction of lung architecture, the
cav�/� lungs showed fewer inflam-
matory cells, decreased lung injury,
and preserved alveolar spaces. In
order to quantify some of the histo-
logic changes that were observed,
we calculated the percentage of aer-
ated and consolidated lungs in both
groups of mice. Lungs from cav�/�

mice had significantly less consoli-
dation and a greater proportion of
aerated lung compared with cav�/�

mice. cav�/� mice were found to
have 44% of the area consolidated
compared with 55% consolidation
of the lung from cav�/� mice (p �
0.012). The lower degree of histo-
logic lung injury, lower BAL cell
counts, and decreased levels of
inflammatory cytokines parallel the
significantly decreased bacterial
burden within the lungs.
Pa Invasion Is Inhibited in Pri-

mary LECs Isolated from cav�/�

Mice—We hypothesize that the
ability of Pa to persist within the
lung is due, at least in part, to their
ability to invade the LECs and
thereby avoid host defense mecha-

nisms. cav�/� and cav�/� mice were intratracheally infected
with GFP-expressing Pa. Confocal images of murine lungs
showed a significant number of Pa that are co-localizedwith the
alveolar epithelium (Fig. 3A) and appeared to bemore common
in the cav�/� comparedwith the cav�/�mice. In order to quan-
tify the ability of Pa to invade LECs, we compared the ability of
Pa to invade cultured primary tracheal epithelial cells in vitro.
Isolation of primary murine tracheal epithelial cells from both
the cav�/� and cav�/� mice was performed using established

FIGURE 1. cav�/� mice are resistant to Pa pneumonia. A, cav�/� mice (n � 20) and control cav�/� mice (n � 20) were intratracheally infected with 107 cfu of
Pa (ATCC 27853) via direct intratracheal instillation. Although all cav�/� mice died within 48 h after infection, 50% of the cav�/� mice were able to survive and
clear the Pa infection (p � 0.0001; hazard ratio 2.903; 95% confidence interval: 4.052– 41.42). B–E, mice were sacrificed after 16 h to quantify the bacterial burden
of Pa. cav�/� mice had significantly lower amounts of Pa within the lung (B; p � 0.0022) and BAL fluid (C; p � 0.0067). In contrast, there was no difference in the
number of bacteria in the liver (D; p � 0.851) or spleen (E; p � 0.196). F–I, Cav�/� mice showed lower levels of inflammation in BAL fluid collected 16 h after
infection. Both groups had 	90% neutrophils in their BAL, but cav�/� mice had fewer total cells and a lower percentage of neutrophils compared with cav�/�

mice (F; p � 0.160). The cav�/� mice also had lower levels of inflammatory cytokines in their BAL after Pa infection, including MIP-2 (G; p � 0.039), IL-1� (H; p �
0.0001), and tumor necrosis factor-� (I; p � 0.016).

FIGURE 2. cav�/� mice have diminished lung injury after Pa infection. Lung histology was examined 16 h
after infection. The lungs of cav�/� mice (A–C) are severely consolidated, with little evidence of remaining air
spaces for gas exchange, evident at �10 magnification (A) and at �20 magnification (B). The inflammatory cells
are a mixture of neutrophils and mononuclear cells, which are both intra-alveolar and within the alveolar walls
(C). In contrast, the cav�/� mice (D–F) have lesser degrees of lung injury. The lungs demonstrate areas of patchy
pulmonary consolidation (D) composed of intra-alveolar infiltrates of inflammatory cells (E), predominantly
neutrophils and macrophages (F). Furthermore, there is prominent margination of both neutrophils and
monocytes in large and medium-sized vasculature.
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techniques (27). The primary tracheal epithelial cells were
infected with Pa for 1 h, and then a gentamicin protection assay
was used to quantify the number of intracellular bacteria.
cav�/� tracheal epithelial cells were resistant to invasion with a
significantly decreased number of intracellular Pa compared
with cav�/� controls (Fig. 3B, p � 0.0040). Pa has a greater
ability to invade the cav�/� LECs, which we hypothesize can
serve as an important virulence factor for the pathogen. Further
studies of cav�/� tracheal epithelial cells confirmed not only
that Pa is capable of invasion but also that it can survive and
replicate intracellularly (Fig. 3C). In order to determine
whether caveolin expression was required for uptake by alveo-
lar macrophages, we isolated primary alveolar macrophages
from both cav�/� and cav�/� mice and used a gentamicin pro-
tection assay to examine Pa uptake in vitro. Unlike LECs, we
found that Pa uptake by alveolar macrophages was not inhib-
ited in cav�/�mice (data not shown). Therefore, Pa invasion via
lipid raft-mediated endocytosis by LECs allows survival of this
important pathogen, andwe believe it is amajor determinant of
the ability of the Pa to successfully colonize the lung.
Caveolin-2 Is a Major Determinant of the Ability of Pa to

Invade LECs—Our previous work using RNA interference to
inhibit both caveolin-1 and caveolin-2 expression has shown

that caveolin expression is required
for maximal invasion of a murine
lung epithelial cell line (MLE-12) in
vitro (6). In order to delineate the
role of caveolin-1 versus caveolin-2
on Pa uptake, we created MLE-12
cells that overexpress FLAG-tagged
caveolin-1 (pFL-cav-1) or caveo-
lin-2 (pFL-cav-2) (Fig. 3D). pFL-
cav-1 and pFL-cav-2 cells had no
change in cell morphology, viability,
or growth that was appreciated.
Confocal microscopy confirmed
that FLAG-tagged caveolin-1 and -2
was distributed normally within the
cells, and sucrose gradient fraction-
ation confirmed localization within
the buoyant lipid raft fractions as
expected (data not shown). The role
of caveolin proteins in Pa invasion
was examined by comparing uptake
of Pa between stably transfected
pFL-cav-1 and pFL-cav-2 cells com-
pared with pFL vector-transfected
controls. Overexpression of caveo-
lin-1 had no effect on Pa invasion;
however, overexpression of caveo-
lin-2 significantly increased the
number of intracellular Pa (Fig. 3E;
p � 0.0032). We found no effect of
caveolin overexpression on the
invasion of S. aureus (data not
shown). We have concluded that
caveolin-2, and not caveolin-1, is
the key protein that determines the

ability of Pa to invade and persist within LECs. These studies
have shown not only that caveolin-2 is required for Pa invasion
but also that it can regulate this host endocytic pathway,
thereby modulating Pa invasion of LECs. Although caveolin-1
knock-out mice lack expression of both caveolin-1 and caveo-
lin-2, we hypothesize that the absence of caveolin-2 specifically
is the major determinant of resistance we observed in the
murine model by impairing bacterial invasion into LECs.
Overexpression of Caveolin-2 Can Increase the Lipid Raft-de-

pendent Entry of Pa Due to Changes in the Caveolin-2 Signaling
Pathways—Pretreatment withMCD (3 mM) disrupts lipid rafts
and significantly inhibits Pa invasion in vitro (6). Pretreatment
of pFL-cav-2 cells withMCD significantly inhibited Pa invasion
(Fig. 4A; p � 0.004), confirming that the increased Pa invasion
in pFL-cav-2 cells is due to increased lipid raft-mediated uptake
and not a distinct lipid raft-independent pathway. We specu-
lated that the effects of caveolin-2 were due to its role in cell
signaling rather than any changes in the mechanical fluidity of
the plasma membrane. Caveolin-2 is believed to play a role in
several cell signaling pathways and has two known sites of tyro-
sine phosphorylation (19, 21). Pretreatment of pFL-cav-2 cells
with the tyrosine kinase inhibitor genistein significantly
decreased the number of intracellular Pa (Fig. 4A; p � 0.021).

FIGURE 3. Caveolin-2 regulates Pa invasion of LECs. A, confocal images of murine lungs that were intratracheally
infected with a GFP-expressing strain of Pa, ATCC 27853, show that a large number of Pa are co-localized with
alveolar epithelial cells. Primary murine tracheal epithelial cells were isolated from both cav�/� and cav�/� mice in
order to determine the role of caveolin expression on invasion of primary LECs. B, Pa invasion of primary tracheal
epithelial cells was significantly inhibited in cav�/� cells (p � 0.0040). C, we quantified the number of intracellular Pa
at 1 and 2 h after infection of primary tracheal epithelial cells. Pa was not only viable intracellularly but also was able
to replicate within primary tracheal epithelial cells. D, MLE-12 cells overexpressing FLAG-tagged caveolin-1 (pFL-
cav-1) or caveolin-2 (pFL-cav-2) were created to investigate the specific role of these proteins in the uptake of Pa.
E, Pa uptake was not affected by the overexpression of caveolin-1; however, overexpression of caveolin-2 led to
significant increases in the number of intracellular Pa (p � 0.0032).
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We next looked at the effect of different tyrosine kinase inhib-
itors on Pa uptake by LECs. We found that both genistein and
the Src family kinase inhibitor PP2 significantly inhibited Pa
invasion (Fig. 4B; p� 0.0024). On the other hand, PP3, which is
known to inhibit receptor tyrosine kinases, such as epidermal
growth factor receptor, had no effect on the number of intra-

cellular Pa (Fig. 4B). Caveolin-2 has
two known sites of tyrosine phos-
phorylation at positions 19 and 27
(19, 21). In order to confirm the role
of tyrosine phosphorylation of
caveolin-2, we used site-directed
mutagenesis to change both of these
sites to phenylalanine. Phosphory-
lation-incompetent caveolin-2 and
wild type caveolin-2 were expressed
in equal amounts according to
Western blot and similar distribu-
tion when examined with confocal
microscopy (data not shown). Al-
though overexpression of wild type
caveolin-2 (pFL-cav-2) increased Pa
invasion, overexpression of the phos-
phorylation-incompetent mutant
(pFL-cav-2-Y19/27F) was identical to
controls and confirms that phospho-
rylation of caveolin-2 is required to
increase Pa invasion (Fig. 4C). These
studies confirmed that Pa uptake
occurs via a host-regulated lipid raft
dependent pathway controlled by
caveolin-2 expression as well as tyro-
sine phosphorylation by Src family
kinases.
Csk Negatively Regulates Caveo-

lin-2-mediated Pa Invasion—To
further evaluate the role of signaling
pathways in modulating caveolin-
dependent uptake of Pa, we exam-
ined the in vitro ability of different
strains of Pa, including ATCC
27853 andPAO-1, to invadeLECs in
which the expression of Csk, a
COOH terminus Src kinase, was
inhibited (Fig. 4D). Using RNA
interference,MLE-12 cells were sta-
bly transfected to create pQC-Csk
cells with an approximately 90%
decrease in Csk expression com-
pared with pQC-LUC controls. In-
hibition of Csk expression had no
appreciable effect on cell morphol-
ogy, viability, or growth (data not
shown). Remarkably, we found that
all of the Pa isolates tested exhibited
a nearly 4-fold greater level of inva-
sion into pQC-Csk cells compared
with the pQC-LUC control LECs

(Fig. 4E; p � 0.0001). In order to determine if the role of Csk in
bacterial uptake was specific to Pa and lipid raft-mediated
entry, we examined bacterial invasion with other bacteria that
are known to invade via lipid raft-independent mechanisms,
such as Staphylococcus aureus. This effect was specific to Pa,
since we observed no difference in the bacterial invasion of S.

FIGURE 4. Tyrosine phosphorylation of caveolin-2 regulates the lipid raft-mediated entry of Pa. A, the
increased uptake of Pa in pFL-cav-2 cells was inhibited with methyl-�-cyclodextrin (p � 0.004) and genistein
(p � 0.021), indicating the dependence on both lipid raft integrity and tyrosine phosphorylation. B, MLE-12
cells were infected with Pa in the presence of different tyrosine kinase inhibitors to determine which specific
class of tyrosine kinases are implicated. Pa invasion was inhibited by the nonspecific tyrosine kinase inhibitor
genistein as well as the Src family kinase inhibitor, PP2 (p � 0.0024). PP3, an inhibitor of receptor-mediated
tyrosine kinases, had no effect. C, in order to determine the significance of caveolin-2 phosphorylation, site-
directed mutagenesis was used to change both sites of tyrosine phosphorylation, Tyr19 and Tyr27, to pheny-
lalanine (pFL-cav-2-Y19/27F). D, similar to the overexpression of wild type caveolin-2, pFL-cav-2-Y19/27F cells
had increased expression of caveolin-2. However, pFL-cav-2-Y19/27F cells did not demonstrate any increased
Pa invasion, showing that tyrosine phosphorylation of caveolin-2 is required for the increased uptake of Pa
noted previously. E, pQC-Csk cells were created as stable transfections using RNA interference to decrease Csk
expression and determine its role in Pa infection in vitro. Pa invasion of pQC-Csk cells was significantly increased
for all three Pa strains tested: ATCC 27853, PAO, and S470. In contrast, the decreased expression of Csk had no
effect on the uptake of S. aureus. F, Pa invasion of pQC-Csk cells is still inhibited by MCD, genistein, and PP2,
reflecting that Pa invasion of pQC-Csk cells occurs through lipid raft-mediated endocytosis.
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aureus in the pQC-Csk cells compared with controls (Fig. 4E).
These findings suggest that inhibition of Csk expression was
either initiating uptake of Pa via an alternative invasion mech-
anism or promoting increased lipid raft-mediated Pa entry.We
hypothesized that Csk negatively regulates the lipid raft-medi-
ated Pa invasion of LECs; therefore, its absence leads to
increased numbers of intracellular Pa. To see if Csk inhibition
was influencing the lipid raft-mediated entry of Pa, we exam-
ined the effects of MCD, a known inhibitor of lipid raft-medi-
ated bacterial invasion. We found that the increased uptake of
Pa found in the pQC-Csk cells is inhibited by treatment with
MCD (Fig. 4F; p� 0.003). Since lipid raft-mediated uptake of Pa
is also dependent on tyrosine phosphorylation, we examined
the effects of different tyrosine kinase inhibitors on Pa invasion
of pQC-Csk cells. The tyrosine kinase inhibitors genistein and
PP2 significantly decreased the high levels of Pa uptake found in
the pQC-Csk cells (Fig. 4F; p � 0.002), indicating that the

mechanism of bacterial invasion in
both pQC-Csk and pQC-LUC cells
was dependent on lipid raft integrity
and tyrosine phosphorylation.
Therefore, we conclude that inacti-
vation of Csk was not initiating a
new mode of bacterial invasion, but
rather, it was enhancing lipid raft-
mediated Pa invasion of LECs.
Since Csk is known to regulate

other members of the Src family
kinases, we hypothesized that inhi-
bition of Pa invasion in pQC-Csk
cellsmay be due to the effects of Csk
on other Src kinases that are directly
responsible for the phosphorylation
of caveolin-2. Therefore, we sought
to identify the specific Src kinase
that was interacting with caveolin-2
in lipid raft fractions. Five members
of the Src family are predominantly
located within lipid rafts: c-Src, Lyn,
Fyn, Lck, and Csk (30). We overex-
pressed caveolin-2 using MLE-12
cells that were transfected with the
FLAG-tagged caveolin-2 protein
(pFL-cav-2), as described above.
Immunoprecipitation (IP) was used
to identify which members of the
Src family associate with caveolin-2.
We found no association between
caveolin-2 and either Lyn, Fyn, or
Lck (data not shown). On the other
hand, IP of FLAG-cav-2 revealed a
strong association with c-Src both
before and after Pa infection (Fig.
5A), confirming that c-Src directly
phosphorylates caveolin-2 (19, 21).
We hypothesized that Csk inacti-
vates c-Src and thereby indirectly
regulates the phosphorylation of

caveolin-2. Therefore, we examined the association of Csk with
caveolin-2. Although we found no association between caveo-
lin-2 and Csk at base line, appreciable amounts of Csk were
associated with caveolin-2 after Pa infection (Fig. 5A). This
transient association between Csk and caveolin-2 was observed
at 10min after infection andwas no longer present after 30min.
Indeed, the association of caveolin-2 with c-Src and Csk was
confirmed using an IP using either Src and Csk and then blot-
ting for caveolin-2. Although c-Src again showed a constant
association with caveolin-2 (Fig. 5B), Csk was associated with
caveolin-2 only after Pa infection (Fig. 5B). The immunopre-
cipitation of these Src family kinases with caveolin-2 during Pa
infection helps elucidate the important roles played by Csk,
c-Src, and caveolin-2 in regulating the lipid raft-mediated
uptake of bacteria.
To further demonstrate the critical role of Csk in negatively

regulating Pa uptake, we examined the Pa-infected LECs to see

FIGURE 5. Csk controls the phosphorylation of caveolin-2 via c-Src. A, immunoprecipitation (IP) of FLAG-
tagged caveolin-2 in pFL-Cav-2 cells revealed a strong association with c-Src before and after infection with Pa.
In contrast, a transient association between caveolin-2 and Csk was only identified after infection with Pa.
B, separate immunoprecipitation of both c-Src and Csk in wild type MLE-12 cells confirmed these same asso-
ciations with native caveolin-2. c-Src was associated with caveolin-2 before and after infection, whereas Csk
was only transiently associated with caveolin-2 after Pa infection. C, confocal microscopy staining shows that
Csk (red) co-localizes with Pa (green) at the site of infection. Csk appears to accumulate on the plasma mem-
brane at the site of entry but does not appear to encircle the intracellular bacteria. D, immunoprecipitation of
c-Src before and after Pa infection was performed in order to determine the effect of Csk expression of c-Src
during Pa infection. Immunoprecipitation of c-Src showed decreased phosphorylation of c-Src 529 in pQC-Csk
cells compared with controls, reflecting an increase in the active form of c-Src. E, we used an immunoprecipi-
tation of caveolin-2 to determine the indirect effects of Csk expression on caveolin-2 phosphorylation. Tyrosine
phosphorylation of caveolin-2 was significantly increased at base line and after Pa infection as a result of the
increased activity of c-Src in the pQC-Csk cells.
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if there was any co-association of Pa and Csk. MLE-12 cells
were infected with GFP-expressing Pa in vitro. Confocal
microscopy consistently showed that the localization of Csk
expression significantly changed after Pa infection. Csk con-
centrates at the site of Pa infection on the plasma membrane
and co-localizes with fluorescently labeled Pa (Fig. 5C).
Since Csk is known to phosphorylate the inactivating site of

c-Src, Tyr(P)529, we examined if this was the case in Pa-infected
LECs. An IP of c-Src confirmed that phosphorylation of Src
Tyr529 was inhibited in the pQC-Csk cells both before and after
infection with Pa (Fig. 5D). Since increased phosphorylation of
Src Tyr529 inhibits its activity, we next sought to determine the
role of Csk on caveolin-2 phosphorylation. An IP of caveolin-2
showed that pQC-Csk cells have increased phosphorylation of
caveolin-2 at base line; however, there is a more significant
increase in phosphorylation 10 min after Pa infection (Fig. 5E).
Therefore, Csk not only regulates the inhibitory phosphoryla-
tion of c-Src but also indirectly controls caveolin-2 phosphoryl-
ation after Pa infection. Cumulatively, these data reveal that
Csk plays an important role in regulation of lipid raft-mediated
Pa invasion bymanipulating the phosphorylation of caveolin-2.
The ability of Csk to inhibit phosphorylation of caveolin-2 and
decrease Pa invasion of LEC appears to be a novel host defense
mechanism that is triggered after Pa infection.

DISCUSSION

The role of caveolin proteins and lipid rafts in the pathogen-
esis of bacterial infections is just beginning to be understood.
We observed a striking difference in lethality of Pa infection
between cav�/� and cav�/� mice. The resistance to Pa infec-
tion was associated with amarkedly decreased bacterial burden
but no difference in the systemic dissemination of Pa. These
data suggest that the mice succumbed to overwhelming Pa
pneumonia and demonstrate the unique role of caveolin pro-
teins within the lung in the pathogenesis of Pa infection. The
significance of Pa invasion of LECs during the pathogenesis of
pneumonia has been controversial. For the first time, we have
shown that caveolin expression enables Pa invasion and bacte-
rial replication, which increases mortality in an acute bacterial
pneumonia model. We hypothesized that invasion via lipid
raft-mediated uptake is an important virulence factor for
pathogens that allows survival within a protected intracellular
niche and avoidance of host defense mechanisms. Bacteria can
develop novel virulence factors as they evolve ways to avoid
host defense mechanisms. Pa is part of a growing list of patho-
gens that have evolved ways to co-opt lipid raft-mediated en-
docytosis as a means of invading host cells (10, 11), and the
resistance of the caveolin-deficient mice demonstrates the evo-
lutionary benefit that invasion can provide to pathogens.
Previous work has shown that caveolin-1 is a negative regu-

lator of cell signaling pathways and that caveolin-1 deficiency
increases production of proinflammatory cytokines (31). How-
ever, our studies at 16 h showed significantly lower levels of
inflammatory cytokines in the BAL fluid and less neutrophil
recruitment within the lung. These results were initially sur-
prising, since the in vitro studies have shown that alveolar mac-
rophages from cav�/� mice produce higher levels of inflamma-
tory cytokines in response to lipopolysaccharide (31). The

contrasting results observed in vivo with lower levels of proin-
flammatory cytokines in the cav�/� mice are most likely due to
the lower bacterial burden present in cav�/� mice. The
improved clearance of Pa in the caveolin-deficient mice led to
significantly lower bacterial burdens by 16 h, decreased histo-
logic measures of lung injury, lower levels of inflammatory
cytokines, and markedly improved survival. The resistance of
the cav�/� mice to Pa pneumonia contrasts with the previous
work showing that cav�/� mice are more susceptible to intra-
peritoneal infection with salmonella and have a higher mortal-
ity (32). Several possible reasons exist for these different obser-
vations. Unlike Pa, salmonella does not require lipid rafts for
invasion of host epithelial cells, which is inhibited in the cav�/�

mice. In addition, the salmonella-infectedmice died from over-
whelming sepsis and an exaggerated inflammatory response,
whereas our Pa-infected mice appeared to die from uncon-
trolled pneumonia and respiratory failure.
Caveolin-1 knock-out mice are deficient in not only caveo-

lin-1 but also caveolin-2, due to the requirement of caveolin-1
to transport caveolin-2 to the cell surface (33). Our in vitro data
strongly suggest that the phenotype of the caveolin-deficient
mice is due to the absence of caveolin-2 and not caveolin-1.We
have shown that only the overexpression of caveolin-2 and not
caveolin-1 increases the Pa uptake by LECs. In our model,
caveolin-2 appears to be the major player, whereas caveolin-1
predominantly functions as a chaperone protein that is
required to deliver caveolin-2 to the plasma membrane. In
addition, Pa invasion of LEC requires tyrosine phosphorylation
of caveolin-2 by Src family kinases. It is not yet known how
caveolin-2 phosphorylation is able to regulate lipid raft-medi-
ated endocytosis. We have speculated that phosphorylated
caveolin-2 interacts with cytoskeletal proteins, such as actin,
andmediates the formation of the lipid raft-enriched platforms
that occur at the site of bacterial attachment and are required
for bacterial invasion. These data strongly implicate caveolin-2
as a novel signaling molecule that regulates not only lipid raft-
mediated endocytosis but also host susceptibility to a common
bacterial infection and common cause of death for hospitalized
patients and immunocompromised hosts.
The ability to successfully invade host cells represents a pow-

erful advantage to an infectious agent. Not only does it provide
the pathogen with an intracellular niche for growth, but it pro-
tects the pathogen from the clearance actions of mucosal flow
and phagocytic cells. Not surprisingly, studies have focused
almost exclusively on the various mechanisms pathogens uti-
lize to gain entry into host cells. The notion that host cells may
have evolved mechanisms to actively resist the entry of the
pathogens has not been investigated. Recently, however, Song
et al. (34) reported that bladder epithelial cells are intrinsically
able to resist the entry of uropathogenic Escherichia coli. Fur-
thermore, this activity was initiated by the lipopolysaccharide
ligand, TLR4, and a secondarymessenger cAMP (34).Our stud-
ies have revealed that LECs are also capable of actively resisting
the entry of Pa and that the mechanism of resistance involves
Csk. This kinase was found to counteract the Pa-mediated
phosphorylation of caveolin-2 by inactivating c-Src. In the
absence of Csk, the unregulated phosphorylation of caveolin-2
increases, and lipid raft-dependent internalization of Pa
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progresses undeterred, resulting in 4-fold increases in the num-
ber of intracellular Pa. What molecules signal Csk after Pa
infection is currently not known, but it is intriguing that a
prominent secondary messenger known to activate Csk is also
cAMP (35).
Understanding the role of host cell signaling pathways,

including caveolin-2 and Csk, has implications that may lead to
advances in the treatment of patients with Pa pneumonia.
Although a large percentage of hospitalized patients develop
colonizationwith this commonpathogen, only a subset develop
clinical infection with varying severity of bacterial pneumonia.
We speculate that genetic polymorphisms in genes that regu-
late the lipid raft-mediated uptake of Pa may contribute to the
susceptibility to Pa pneumonia in addition to the typical clinical
risk factors. Another implication of a better understanding of
these new host defense mechanisms against Pa infection could
be the development of new treatment strategies designed to
augment host innate defense mechanisms, such as Csk. Tradi-
tional therapies for bacterial infections have relied on antibiot-
ics that target bacteria and have been limited by the rapid devel-
opment of resistance. Novel therapies aimed at augmenting
these natural host defense mechanismsmay serve as important
adjunctive therapies to traditional antibiotics or even prophy-
lactic strategies in high risk patients.
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