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Abstract
The inflammatory response to Pseudomonas aeruginosa is not properly regulated in the lungs of
cystic fibrosis patients (CF). In the lung epithelium of individuals with wild-type (WT) CF
Transmembrane Conductance Regulator (CFTR), lipid rafts containing CFTR are rapidly formed in
response to P. aeruginosa infection and this response is closely linked to resistance to infection and
disease. We found these rafts also contained high levels of caveolin -1 (Cav-1) and thus examined
the sensitivity of Cav-1 knock-out (KO) mice to P. aeruginosa challenge in both acute and chronic
P. aeruginosa infection models. We found that Cav-1 KO mice had increased sensitivity to P.
aeruginosa infection, as represented by an increased mortality rate, elevated bacterial burdens
recovered from lungs and spleens and elevated inflammatory responses. These findings correlated
with the decreased ability of Cav-1 deficient neutrophils to phagocytose P. aeruginosa. In addition,
P. aeruginosa colonized Cav-1 KO mice much better compared to the WT controls in a model of
chronic infection, indicting an important contribution of Cav-1 to innate host immunity to P.
aeruginosa infection in the setting of both acute pneumonia and chronic infection typical of CF.
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Introduction
While Pseudomonas aeruginosa is a frequent cause of acute nosocomial pneumonia in patients
undergoing mechanical ventilation, burn victims, patients with corneal trauma, patients with
healing surgical wounds (1) and cystic fibrosis (CF) (2,3), healthy individuals are generally
highly resistant to serious infection. There are clearly multiple, redundant innate immune
mechanisms contributing to this resistance. However, it is also clear a key factor is the cystic
fibrosis transmembrane conductance regulator (CFTR), inasmuch as >80% of CF patients
eventually develop chronic lung infections with P. aeruginosa (3,4). As perhaps the only
human genetic disease where infectious consequences, including most of the morbidity and
ultimate life-shortening mortality, are so overwhelmingly associated with a single pathogen,
the molecular and cellular consequences from having defective CFTR molecules provides a
focused setting for the detailed study of mammalian innate immunity to this important
pathogen.
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A major rapid, early wild-type (WT) host response to P. aeruginosa infection is the CFTR-
dependent uptake of this pathogen by nasal and bronchial epithelial cells via a lipid raft-
dependent mechanism (5,6). Lipid rafts are specialized areas of the plasma membrane that are
enriched in cholesterol and sphingolipids (5). It is thought that bacterial infection by P.
aeruginosa stimulates formation of lipid rafts containing CFTR that permits the bacterium to
invade the epithelial cell, initiate protective host inflammatory responses followed by apoptosis
and shedding of the superficial layer of epithelial cells with internalized bacteria (5,6). Lack
of functional CFTR prevents this response, allowing P. aeruginosa to establish an early
colonization in the thickened mucus of CF patients.

Lipid rafts components are usually isolated by density-gradient separation, partitioning into
Triton-X100 insoluble fractions. These fractions also retain the caveolin-1 (Cav-1) and
caveolin-2 (Cav-2) proteins. Caveolin-1 is the major component of caveolae, morphologically
identifiable plasma membrane invaginations that are distinct from clathrin coated pits.
Caveolae appear as non-coated pits in the plasma membrane or as 50 to 100-nm flask or Ω–
shaped invaginations (7). Caveolae are involved in pinocytosis, endocytosis, and cell signaling
and are very abundant in lung cells, where they are found in endothelial cells, type I
pneumocytes, and bronchial epithelial cells (8). Disruption of the cav1 gene leads to loss of
caveolae (9) and exogenous expression of cav1 induces caveolae formation in cells lacking
both caveolae and Cav-1 (10,11). Unlike Cav-1, Cav-2 is insufficient to induce caveolae
biogenesis (12). Caveolin-1 oligomerizes into high-molecular structures of about 400 kDa. In
contrast, Cav-2 is incapable of forming high–molecular-weight oligomers, a property which
may explain why Cav-2 by itself can not stimulate formation of caveolae (12). However, Cav-2
forms heterocomplexes with Cav-1.

Studies using caveolin deficient mice have begun to unravel the complex role of caveolins as
regulators of various biologic processes. In general, caveolin-deficient mice are viable, but
each caveolin knockout seems to present with different phenotypes. For example caveolin-1-
deficient mice display elevated nitric oxide synthase activity in vascular endothelial cells and
enhanced susceptibility to carcinogen-induced tumor development (9,13). Mice deficient in
both caveolin-1 and caveolin-2 display severe pulmonary abnormalities attributed to
endothelial hyperproliferation (9). In contrast, caveolin-3 deficient mice develop severe cardiac
hypertrophy (14). However, information regarding the role of caveolins during bacterial
infection is limited.

Recent research demonstrated Cav-2 facilitates P. aeruginosa entry into rat primary bronchial
cells and the mouse lung epithelial (MLE) cell line 12 (15). Knock-down of either Cav-1, which
also eliminates Cav-2 synthesis (12,16), or Cav-2 alone, significantly decreased the uptake of
P. aeruginosa by these cell lines by roughly 50% (17). We have shown that during bacterial
entry into cells, P. aeruginosa co-localizes with Cav-1 and CFTR in variety of human cell lines
(18) in association with the CFTR-receptor for P. aeruginosa (19,20). Caveolin-1 was also
identified as a prominent protein found in lipid rafts of cells with WT CFTR after only 15 min
of infection with P. aeruginosa (20). Here we examined the role of Cav-1 in both an acute and
chronic P. aeruginosa infection model. We found that Cav-1 knock–out (Cav-1 KO) mice have
increased sensitivity to P. aeruginosa infection, as represented by an increased mortality rate,
elevated bacterial burdens recovered from lungs and spleens and elevated inflammatory
responses. These findings correlated with the decreased ability of neutrophils to phagocytose
P. aeruginosa. In addition, P. aeruginosa colonized Cav-1 KO mice much better compared to
the WT controls in a model of chronic infection, indicting an important contribution of Cav-1
to innate host immunity to P. aeruginosa infection in the setting of CF.
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Materials and methods
Mice

Breeding pairs of cav1 KO and control mice (B6129SF2/J) were obtained from Jackson
Laboratory. Mice were housed and bred in the Channing Laboratory Animal Facilities. The
experimental protocols were approved by the Institutional Animal Care and Use Committee
of the Harvard Medical Area Office for Research Subject Protection.

Acute P. aeruginosa pneumonia model
Gender matched 6-9 weeks old cav1 KO and control mice were sedated with ketamine
hydrochloride (65 mg/kg) and xylazine (13 mg/kg), then infected intranasally (IN) with doses
of P. aeruginosa from 2 × 107 cfu to 2 × 108 cfu, using strains PAO1 or PAK as described
(20). Mice were sacrificed at 6 h or 16 h post-infection by intravenous injection of
phenobarbital. Lungs were inflated by instillation of PBS, removed, weighed, homogenized in
10% FBS in DMEM, and aliquots were plated on P. aeruginosa selective cetrimide plates to
enumerate bacterial levels.

Flow cytometry analysis of cells in bronchoalveolar lavage
Following 20 h of infection of cav1 KO and control animals with P. aeruginosa strain PAO1,
mice were euthanized with pentobarbital then bronchiolar lavage (BAL) fluid obtained by
infusion, via an intratracheal needle, of 1 ml of PBS that was then recovered via the same
needle. This process was repeated two more times. Cells were recovered from the BAL by
centrifugation, the concentration determined in a hemocytometer, then 1 ×106 cells stained
with antibody to the PMN markers CD11b (M1/70) and Gr-1 (RB6.8C5 clone) using
phycoerythrin-conjugated or FITC-conjugated antibodies, respectively (BD Pharmingen) as
previously described (21). Stained cells were analyzed by flow cytometry using FACS Calibur
(BD Biosciences, San Jose, CA) with CellQuest software (BD Biosciences, San Jose, CA).
Neutrophils were identified based on a combination of cell surface marker characteristics, size
and granularity as described (22,23).

Inflammatory cytokine profiling
Levels of mouse cytokines in BAL were simultaneously measured using a Meso Scale
Discovery (MSD) multiplex 7-spot electrochemiluminescence (ECL) assay read by an ultra
low noise charge-coupled device (CCD) Imager 2400 (Meso Scale Discovery, Gaithersburg,
MD, USA). The cytokines included interleukin (IL)-1β, IL-6, IL-12p70, IL-10, IFNγ and the
alpha chemokine neutrophil attractant and activator CXCL1/GRO (also known as KC). The
MSD ECL platform has been previously validated against cytokine standards recommended
by WHO and U.K. National Institute for Biological Standards and Control (NIBSC) and by
comparison to traditional ELISA (24).

Phagocytosis assay
One ml of mouse blood was collected into heparinized tubes using 20 or 22 G needles to obtain
blood from the heart of euthanized animals The blood from 3-4 mice was pooled for these
experiments. The blood was centrifuged at 200 x g at 23°C for 10 min to collect the buffy coat
layer. The cellular suspension was overlaid onto Histopaque 1077 (Sigma) and Histopaque
1119 (Sigma) gradients and centrifuged for 30 min at 700 x g. The neutrophil fraction was
collected at the interface of Histopaque 1077 and Histopaque 1119 layers. 1 × 106 purified
PMN were resuspended in RPMI, 10% FBS, and mixed with P. aeruginosa strain PO1 at the
ratio of 100 PMN: 1 bacteria. Aliquots of PMN/bacteria were incubated at 37°C for 180 min.
Extracellular bacteria was quantified by plating an aliquot of the mixture on P. aeruginosa
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selective cetrimide plates. The phagocytosed bacteria was quantified by lysing the cells with
TSB/0.5% Triton and plating on cetrimide plates.

Chronic model of P. aeruginosa infection
Establishment of chronic infection of mice, first developed for transgenic CF mice, was carried
out as described (25). I this model, the recovery of P. aeruginosa on throat swabs and
development of a significant antibody response are taken as documentation that long term
infection of the respiratory tract had been established. Mice (N=10 per group) were treated for
5 days with oral levofloxacin in the drinking water to clear out enteric flora that colonize the
murine oropharynx and interfere with establishment of P. aeruginosa infection (25).
Oropharyngeal infection was induced by placing the bacteria in the drinking water (107 cfu/
ml) for 5-7 days. The infected water was replaced with acidified water (pH 4.5) to prevent
bacterial growth in the water and cross-infection within a cage (25). Oropharyngeal throat
swabs were taken after the infection period to verify that all mice were exposed to P.
aeruginosa. evaluated by ELISA as described (25). At the age of 9 months animals were
sacrificed, lungs removed for histopathology as described for chronically infected transgenic
CF mice (25).

Serum samples were collected from the chronically colonized animals. Serum dilutions were
analyzed by ELISA for the presence of antibodies to P. aeruginosa. Briefly, P. aeruginosa
strain N6 (an LPS-smooth, non-mucoid early clinical isolate from a CF patient) was grown
overnight on TSA plates. A bacterial suspension was prepared by inoculating 10 ml of PBS
with P. aeruginosa to an OD450 nm = 2.0. This bacterial stock was treated with NaN3 to kill
the bacterial cells then used at 1/1000 dilution in 0.05M carbonate/bicarbonate buffer pH9.6
to coat Immunolon HBX microtiter plates (Fisher Scientific, Pittsburg, PA,USA) overnight at
4°C. Subsequently plates were washed with PBS/0.05%Tween 20, blocked with 5% BSA/PBS
for 2h at 37°C, serial two fold dilutions of sera starting at 1:200 added and plates incubated for
90 min at 37°C, plates washed with PBS/0.05%Tween 20, incubated with P. aeruginosa
adsorbed-anti-mouse IgG-alkaline phosphatase (AP) conjugate (A4656, Sigma, Saint Louis,
MI, USA) for 1h at 37°C, washed with PBS/0.05% Tween 20 and developed with p-nitrophenyl
phosphate substrate (pNPP) (N2765, Sigma, Saint Louis, MI, USA). Plates were read at 405
nm within 30 min of substrate addition. To adsorb the anti-mouse IgG AP conjugate with P.
aeruginosa, P. aeruginosa strain N6 was grown overnight at 37°C on a TSA plate. A bacterial
suspension was prepared by washing the bacteria off the TSA plate into 50 ml of 5%BSA/PBS
then 10 μl of the anti-mouse IgG-AP conjugate added. After 30 min at 4°C, the bacteria were
removed by centrifugation, the supernatant filtered and used in the ELISA.

Histopathology analysis
Lung tissues were fixed in 1% formaldehyde then embedded in paraffin using a routine
histologic procedure. Four μm sections were cut and stained by hematoxylin-eosin at the
Harvard Medical Area Rodent Histopathology Core and examined for differences in
morphology after infection by the Histopathology Core Facility personnel.

Statistical analysis
Determinations of the significance of the differences in outcomes between cav1 KO and wild
type control animals after P. aeruginosa infection were calculated by Kaplan–Meier survival
curve comparisons and the P values derived from a Log Rank test. We also derived a hazard
ratio and 95% confidence intervals (C.I.) associated with lack of Cav-1 (Prism 4, GraphPad).
The bacterial loads in lungs and spleens were compared between cav1 KO and WT mice by a
Mann-Whitney U test, as were antibody titers (Prism 4, GraphPad). As previously described
(25) the marginal probability of oropharyngeal colonization of the mice by P. aeruginosa was
estimated on the basis of irregularly timed repeated measures by solving generalized estimating
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equations (26) using the R software for statistical computing (www.r-project.org). The throat
culture results obtained over time were used to calculate an overall probability of colonization
of a given strain of mouse with a given strain of P. aeruginosa. Two-sided significance tests
of the differences in the probability of colonization between mouse strains were obtained by
using the ratio of the estimated difference to its robust standard error (26), which follows a
standard normal distribution. Cytokine levels were analyzed for significance by two-tailed T
tests (Prism 4, Graph Pad).

Results
Caveolin regulates the susceptibility to P. aeruginosa induced acute pneumonia

To determine if Cav-1 affects susceptibility to P. aeruginosa lung infection, groups of cav1
KO and genetically-related WT mice were challenged with various doses of two strains of P.
aeruginosa: PAO1 or PAK. When mice were challenged with 1 × 108 or 4 × 108 cfu/animal
of strain PAO1, cav1 KO mice displayed increased lethality (Log Rank Test, p=0.02) (Fig.1).
Although the differences in the overall survival were small (about 20%), the calculated hazard
ratio (3.041) indicated an increased hazard for early death of about 3-fold with a 95%
confidence interval (CI) from 1.26 to 16. When cav1 KO and WT control mice were challenged
with a different P. aeruginosa strain – PAK (2 × 108 cfu/mouse)-- increased mortality among
cav1 KO mice was also seen. Seven out of seven animals succumbed to infection within 24 h,
whereas all the wild type animals survived the challenge (P=0.0006, Fisher’s exact test for
overall survival; odds ratio=0.004, 95% CI 0.00008-0.26). These findings indicate that Cav-1
is needed for full resistance to P. aeruginosa infection.

Caveolin-1 deficiency is associated with elevated bacterial burdens in the lung
The cause of mortality from acute P. aeruginosa lung infection in mice is strongly associated
with systemic bacterial spread to major organs, of which the spleen is the most sensitive
indicator. To determine the bacterial burden in lungs and spleens of cav1 KO and WT mice,
animals were challenged intranasally with 1 × 108 cfu/mouse of P. aeruginosa strain PAO-1
and sacrificed at different time points after the infection. Interestingly, 6 h after infection,
cav1 KO mice showed a non-significant tendency for decreased levels of bacteria, when
compared to the WT mice (Fig. 2A), However, after 12 h of infection, cav1-KO mice showed
three fold higher levels of strain PAO1 in the lungs when compared to the WT control mice
(Fig. 2) (P=0.004, Mann-Whitney U test). Elevated numbers of PAO1 bacteria were also found
in the spleens of cav1 KO animals when compared to WT infected animals (Fig. 2A, P=0.05,
Mann Whitney U test). A similar outcome in the lung was obtained when mice were challenged
with PAK strain (Fig. 2B).

Caveolin deficiency modifies P. aeruginosa-induced inflammation
Since caveolae harbor a variety of signaling components and the Cav-1 protein has been
implicated as an important regulator of inflammatory responses, we analyzed the cytokine
profile induced in the lung of cav1 KO and WT mice 6-12 h following P. aeruginosa infection
(Fig. 3) (27). The cytokine measurements demonstrated that Cav-1 deficient mice had elevated
levels of IL-1β, TNF-α, IFN-γ, KC, IL-6, IL-10 and IL-12p70 when compared to WT control
mice (P<0.05). These differences were observed as early as 6 h after infection and remained
at later time points e.g. 12 h after infection (Fig. 3A and 3B). KC levels were dramatically
increased in cav1 KO mice at 6 h after challenge with P. aeruginosa strain PAO1 when
compared to WT mice. This tendency was preserved at the later time points where CAV-1
deficient mice maintained two to three fold elevated KC and IL-6 levels when compared to
WT mice. Twelve hours post challenge with strain PAO1, IL-1β levels in the CAV-1 deficient
mice were raised almost five-fold over that in the BAL from the WT mice demonstrating that
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the inflammatory response induced by P. aeruginosa that is characterized by production of
IL-1β, TNF–α, KC and IL-6 is enhanced in the absence of Cav-1 protein.

Analysis of phagocytosis of P. aeruginosa strain PAO1 by cav1-deficient and sufficient PMNs
To determine if Cav-1 deficient PMN ingest live P. aeruginosa as efficiently as the PMNs
obtained from WT mice, we performed phagocytic studies. Consistent with a previously
described defect in cav1-deficient macrophages to phagocytose bacteria (28), we found that
cav1 deficient PMNs also phagocytosed significantly less P. aeruginosa bacteria than did the
WT control PMNs (Fig. 4).

Histopathologic analysis of lungs in cav1 KO mice
To determine how the infection with P. aeruginosa affected lung pathology, tissue sections
were stained with hematoxylin-eosin. The micrographs showed no dramatic differences in the
morphology of the infected groups in either cav1 KO or WT mice. Both groups of infected
mice showed signs of acute inflammation, with elevated neutrophil infiltrates (Fig. 5). Thus,
the effect of the loss of Cav-1 on susceptibility to P. aeruginosa infection was not manifest as
a major change in the histopathology of the lung during acute infection, indicating that the
effects on phagocytosis and control of inflammatory responses were the primary driving force
in the different outcomes from infection.

Caveolin deficiency results in increased chronic lung colonization with P. aeruginosa
Since Cav-1 deficiency resulted in increased mortality from acute P. aeruginosa pneumonia,
it was of interest to establish if this defect would allow for chronic lung infection to develop
following infection via the drinking water with a clinical isolate of P. aeruginosa, strain N6,
obtained from a CF patient early in the course of colonization. Cultures of throat swabs obtained
right after levofloxacin treatment confirmed that all mice were initially free of detectable P.
aeruginosa. After exposure to P. aeruginosa in the drinking water for 5 days, followed by
replacement of the contaminated water with acidified water that prevents bacterial growth in
this medium, all of the animals had positive throat culture swabs for P. aeruginosa, indicating
both groups had initially acquired the pathogen via the water. After 7 weeks, to allow for
establishment of lung infection, all mice were treated for two weeks with meropenem (1 mg/
L) in their drinking water to kill bacteria residing in the upper oropharynx but not those in the
lower respiratory tract. After antibiotic treatment about 60% of the Cav-1 KO mice had positive
throat cultures for P. aeruginosa within 1 week, while only 20% of the WT mice had cultures
positive for P. aeruginosa. The colonization with P. aeruginosa was then followed weekly for
an additional 20 weeks (Fig. 6). The percent of P. aeruginosa colonized cav1 KO mice reached
100%, while only 30% percent of the WT had positive throat cultures for P. aeruginosa
(P=0.0017; generalized estimating equation).

To determine if chronic colonization with P. aeruginosa resulted in changes in lung
morphology, lung tissue was obtained from chronically colonized WT and cav1 KO mice,
embedded in paraffin, sectioned and stained with hematoxylin and eosin. No gross changes in
morphology were observed (Fig. 6), consistent with prior results with CFTR-deficient mice
chronically infected with non-mucoid P. aeruginosa (25) who also showed only modest
changes in the lungs after 6-9 months of chronic infection.

An additional response to lung infection not seen in mice with only oropharyngeal colonization
but not lung infection is the development of antibody responses to P. aeruginosa cells. Mice
were tested for IgG antibody to killed P. aeruginosa N6 cells. cav1 KO mice had higher titers
of IgG antibodies to P. aeruginosa cells than did the WT controls (Table 1, Mann-Whitney
test, p=0.01). These differences were manifested as early as four weeks after the withdrawal
of meropenem from the drinking water and were maintained throughout the study. The WT
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mice with positive throat cultures did not have higher serum IgG antibody titers than the WT
with negative throat cultures, indicating that in these mice the colonization was confined to the
upper oropharynx and had not reached tissue sites such as the lung, where antibody responses
are induced. Overall, all 10 cav1 KO mice developed chronic P. aeruginosa lung infection, as
evidenced by positive throat cultures and antibody responses, whereas none of the WT controls
had both of these measured of chronic infection (P<0.0001, Fisher’s exact test).

Discussion
Prior results (15,17,29) have associated caveolins with lung epithelial cell responses to P.
aeruginosa, but the actual importance of these responses in regard to susceptibility and
resistance to infection was not investigated. While numerous studies have indicated caveolins
are important components of innate immune responses to pathogen virulence factors like LPS
(9,10,30), there are only a limited number of studies that aimed to clarify the significance of
Cav-1 in modulating innate immune responses against live pathogens.

In this study we tested the hypothesis that the P. aeruginosa-dependent recruitment of Cav-1
to lipid rafts of airway epithelial cells (29) represented a significant host factor involved in
controlling infection with this pathogen. cav1 KO mice were significantly more likely to have
a lethal outcome from P. aeruginosa lung infection, and this phenotype was associated with
higher production of inflammatory cytokines, elevated bacterial burdens and a decreased
ability of neutrophils to phagocytose P. aeruginosa.

Lisanti and co-workers (31) showed that Cav-1 KO mice displayed a significant decrease in
survival when challenged with Salmonella enterica serovar Typhimurium. The increased
sensitivity correlated with elevated bacterial burdens in the spleen and increased production
of inflammatory cytokines, chemokines, and nitric oxide suggesting that cav1 KO mice were
unable to control systemic infection with Salmonella (31). However, it was surprising that the
authors did not find differences in bacterial ingestion between cav1 KO and WT macrophages,
indicating that the elevated mortality in cav1 KO mice could be due to their inability to control
the inflammatory responses. This phenotype is comparable to our findings, wherein during an
acute pneumonia that develops into a systemic bacterial infection, Cav-1 modifies
inflammation. We found that when cav1 KO and WT control mice were infected with P.
aeruginosa, the Cav-1 deficient mice had elevated inflammatory cytokines in their BAL
including IL-1β, TNF-α, IL-6, IFN-γ, KC. These results show that in a setting of an acute
systemic infection, Cav-1 plays a key role in regulating inflammatory responses to P.
aeruginosa infection so they are not over-abundant.

In addition to the dramatic differences in cytokines found in cav1 KO mice infected with P.
aeruginosa compared with WT controls, we also found significant differences in ability of
neutrophils to ingest bacteria. These data are consistent with a previously published report that
describes phagocytic defects in Cav-1 deficient macrophages that are unable to maximally
ingest E. coli K-12 bioparticles (32). Subsequent studies demonstrated that Leishmania chagasi
or Francesella tularensis use caveolin-dependent phagocytosis to gain access to macrophages
(28,33). These observations signify that a common phagocytic mechanism that is shared by
PMNs and macrophages is the use of caveolin-rich platforms to mediate phagocytosis and/or
facilitate vesicle fusion. In the setting of live bacterial infection, Cav-1 deficiency may
contribute to inefficient bacterial clearance and potentially in decreases in survival by
compromising efficient phagocytosis.

After finding a role for Cav-1 in resisting acute P. aeruginosa lung infection we also
investigated whether this factor also increased the susceptibility of mice to chronic colonization
with this organism. The Cav-1 KO mice became chronically colonized over a 9 month period
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and made robust serum IgG antibody responses to P. aeruginosa cells, whereas WT mice
showed no clear evidence of chronic infection after a 2-week antibiotic treatment used to reduce
upper-respiratory tract colonization limited to the oropharynx. Similar colonization
experiments previously performed with CFTR deficient and IL-1 receptor deficient mice also
showed that chronic colonization with P. aeruginosa can persist in a fashion comparable to
that observed in CF patients early in the course of chronic infection (34,35). Because of the
constraints imposed by the life expectancy of a mouse and the time frame involved in studying
chronic infection, it is difficult to continue experiments in this model beyond 9 months. Of
note, some chronically infected CF mice yield mucoid variants of P. aeruginosa after 6-9
months of infection (25,36), whereas no such variants were recovered from either the cav1 KO
mice studied here or the IL-1 receptor deficient mice previously reported (35).

Our results differ from a recently published paper reporting that Cav-1 deficiency decreases
lethality from P. aeruginosa acute pneumonia (37). The differences are likely due to the use
of different strains of P. aeruginosa and the methods of infection. Notably, Zaas et al. (37)
used a poorly characterized isolate of P. aeruginosa in their infection studies given as a single
challenge dose wherein about 50% of the cav1 KO mice survived versus none of the WT mice.
Whether their strain expresses a full set of P. aeruginosa virulence factors is not known, as it
is for the well-studied strains PAK and PAO1 used here. They also used trans-tracheal
instillation of P. aeruginosa which likely delivers the challenge inoculum to different locations
within the lung compared with our inhalation method of delivery. In analyzing the role of
caveolin-1 in acute pneumonia using strains PAK and PAO1 we observed comparable
phenotypes. Both strains are invasive, non-cytotoxic and induce similar inflammatory
responses in vitro. In contrast, when we infected mice with the Exotoxin U-positive, cytotoxic
P. aeruginosa strain PA14 we did not find differences in the survival or bacterial levels
recovered from the lungs of the infected Cav-1 KO or WT mice (data not shown). These
findings likely reflect well-known differences in the virulence of cytotoxic and invasive strains
of P. aeruginosa (38-41) wherein cytotoxic strains generally can be used at lower challenge
doses in experimental murine lung infection models, which likely impacts the host’s innate
immune response to infection. These differences in outcomes achieved by use of different P.
aeruginosa strains emphasize the fact that variant strains of this organism likely promote
diverse innate immune responses and drawing conclusions about which ones are relevant to
resistance and susceptibility to infection needs to be placed in the context of the bacterial strains
and their pathogenic properties and potentials. In spite of the differences in outcomes from
acute pneumonia in cav1 KO mice found by us and by Zaas et al. (37) data from both groups
demonstrate that caveolin modifies inflammation and that this host factor likely plays a role in
the general resistance of mammals to P. aeruginosa infection.

In conclusion, we have established that Cav-1 is an important component of the innate host
immune response to the majority of non-cytotoxic strains of P. aeruginosa by promoting
bacterial clearance during acute pneumonia and chronic colonization. Lack of Cav-1 was found
to reduce PMN recruitment and increase inflammatory cytokine production during acute
pneumonia, two host factors known to affect host resistance to infection. From prior studies
identifying Cav-1 as one of 150 proteins recruited to lipid rafts of bronchial epithelial cells 15
min after infection with P. aeruginosa (29) we have in this study validated that Cav-1 makes
a major contribution to host innate immunity to P. aeruginosa. Obviously with such a large
number of proteins found to rapidly respond to P. aeruginosa infection, innate immune
resistance to this pathogen is quite complex and dependent on a potentially large number of
interacting factors. Nonetheless, the results here validate that Cav-1 has a demonstrable effect
in resistance to both acute and chronic P. aeruginosa infection.
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Abbreviations

(Cav) caveolin

(CFTR) cystic fibrosis transmembrane regulator

(WT) wild type mice
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Figure 1. Caveolin-1 attenuates the survival from P. aeruginosa induced acute pneumonia
A. Cav-1 KO (Cav-1) mice and WT control animals were infected with 1x108 cfu/mouse of
P. aeruginosa strain PAO1. Survival is represented by Kaplan-Meier Survival Curves (P=0.02,
Log Rank Test). B. cav1 KO (Cav-1) and WT control mice were infected with 2 ×108 cfu/
mouse of P. aeruginosa strain PAK. Survival is represented by Kaplan-Meier Survival Curves
(P=0.0003, Log Rank Test).
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Figure 2. Caveolin-1 deficiency results in elevated bacterial burdens
A. Bacterial counts in the lungs or spleens of cav1 KO (Cav-1) and WT mice. Groups of mice
(n=7) were infected IN with 1 × 108 cfu/mouse of P. aeruginosa strain PAO1. Animals were
sacrificed at 6 h and 12 h after the infection, lungs were extracted, homogenized and the
bacterial burden was established by plating different dilutions of the homogenate on cetrimide
plates. The data are representative of two individual experiments. B. Groups of mice (n=7)
were infected with 1 × 107 cfu/mouse of P. aeruginosa strain PAK IN. The data are
representative of two individual experiments.
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Figure 3. Caveolin-1 modifies the inflammatory responses to P. aeruginosa lung infection
cav1 KO (Cav-1) (n=7) and WT controls (n=7) were infected with 1 × 108 cfu/mouse of P.
aeruginosa strain PAO1. Bronchoalveolar lavage fluid was harvested at 6 h (A) and 12 h (B)
after infection and the cytokines levels were quantified. Bars represent means and SD from
duplicate measurements from a representative experiment.
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Figure 4. Caveolin-1 deficiency inhibits the ability of neutrophils to phagocytose P. aeruginosa
PMN derived from cav1 KO and WT mice were exposed to P. aeruginosa for 180 min to allow
for the phagocytosis to occur. PMNs were lysed and aliquots were plated to determine the
number of ingested bacteria (A). The phagocytic index represents the number of ingested
bacteria per 1 × 106 PMNs. The number of extracellular bacteria was determined by plating
and aliquot from the phagocytic reaction on P. aeruginosa selective media without lysing the
PMNs. Bars represent means and error bars the SD from a representative experiment. P values
determined by a Student T test.
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Figure 5. Caveolin-1 deficient mice present with comparable morphology after acute infection with
P. aeruginosa strain PAO1 to that of WT control mice
Groups of 7 cav1 KO and WT mice were infected with 1 × 108 cfu of P. aeruginosa strain
PAO1and sacrificed at 12 h after infection. Lungs were extracted and embedded in paraffin.
Sections were analyzed by H&E staining. Representative images are shown out of two
individual experiments.
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Figure 6. Caveolin-1 deficient mice are readily colonized with P. aeruginosa strain N6
A. cav1 KO (Cav-1) and WT mice (N=10) were exposed to P. aeruginosa strain N6 in the
sterile drinking water for one week, subsequently placed on acid water and monitored for
oropharyngeal colonization. Seven weeks later the mice were treated with the antibiotic
meropenem in the drinking water for two weeks and subsequently reinstated on acid water.
Animals were monitored for the presence of P. aeruginosa in the throat by swab cultures after
the antibiotic treatment was withdrawn. The percent of oropharyngeal colonization of cav1
KO and WT mice at each week is plotted. Differences in the probability of colonization of
cav1 KO mice versus WT mice are significant at a level of P<0.001 using generalized
estimating equations (26). B. Lung sections harvested from chronically colonized cav1 KO or
WT mice and stained with H&E. Images shown are representative examples of infected lungs
from Cav-1 deficient and WT animals.
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Table 1
Antibody titers in sera of caveolin-1 knock out mice or wild type animals in a chronic
colonization model using P. aeruginosa strain N6

Weeks post infection Antibody Titers
Cav-1 KO

Antibody Titers
WT

Pre-immune sera 275±103 490±900

4 1828±1343 866±1200

8 5257±9837 * 780±1280

20 5257±9837 * 780±1280

Antibody titers represent the average values of the individual mouse antibody titers±standard deviations. To determine the individual titers, serial
dilutions of mouse sera were analyzed by ELISA. The assigned titer value is indicative of the last dilution in which the antibody was detected (22).
The titer was considered to be the value of the last dilution, that had an OD 405 reading two fold higher than the background. The star depicts that the
titers of cav1 deficient mice at weeks 8 and 20 are significantly different from the corresponding titers of the wild type mice by Mann-Whitney test
at a P value of <0.01.
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