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Abstract

Caveolin-1 (Cavl) is a structural protein of caveolae. Although Cavl is associated with certain
bacterial infections, it is unknown whether Cav1 is involved in host immunity against K/ebsiella
pneumoniae, the third most commonly isolated microorganism from bacterial sepsis patients.
Here, we showed that cav knockout mice succumbed to K. pneumoniae infection with markedly
decreased survival rates, increased bacterial burdens, intensified tissue injury, hyperactive
proinflammatory cytokines, and systemic bacterial dissemination as compared with WT mice.
Knocking down Cavl by a dominant negative approach in lung epithelial MLE-12 cells resulted in
similar outcomes (decreased bacterial clearance and increased proinflammatory cytokine
production). Furthermore, we revealed that STAT5 influences the GSK3p—p-catenin—Akt
pathway, which contributes to the intensive inflammatory response and rapid infection
dissemination seen in Cav1l deficiency. Collectively, our findings indicate that Cavl may offer
resistance to K. pneumoniae infection, by affecting both systemic and local production of
proinflammatory cytokines via the actions of STAT5 and the GSK3p—p-catenin—Akt pathway.
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Introduction

Results

Caveolae are flask-shaped lipid microdomains in the plasma membrane. As part of an
alternative pathway to receptor-mediated endocytosis, caveolae are involved in various
cellular activities such as lipid storage, phagocytosis, small molecule uptake, and secretion
[1]. A recent addition to this list is a potential role in pathogenic infections. Escherichia coll,
for example, relies on caveolae to invade both phagocytic and nonphagocytic cells [2].

Caveolae are composed of lipids and proteins. A major scaffold protein for these structures
is Caveolin-1 (Cav1l), which is expressed at high levels in endothelial and epithelial cells.
Cav1l has been shown to be biologically important, having been shown to be involved in
uptake of the Simian Virus-40 [3] and the BK virus [4]. Wang et al. [5] also demonstrated
that Cav1l inhibits HIV-1 envelope-induced apoptosis through interactions with gp41 in
CD4* T lymphocytes. Furthermore, Cav1 is involved in uptake of not only viral pathogens
but also larger bacterial pathogens [6].

Knockout (KO) mouse studies have revealed multi-faceted roles for Cavl in infectious
diseases [7]. Malik et al. [7] found that cavZ KO mice exhibited decreased mortality due to
decreased levels of inflammation mediated by interactions with nitric oxide. In contrast,
cavl KO mice with Salmonella typhimurium infection showed increased inflammatory
cytokine levels and mortality [8]. Gadjeva et al. [9] showed that Cav1 is essential for host
defense against Pseudomonas aeruginosa as cav KO mice manifested a typical phenotype
with decreased bacterial clearance and more severe infection. However, another study
suggested that Cavl is not involved in P. aeruginosainvasion in the lung [10]. Since there is
so far no consensus on the function of Cavl in various infections [11], further investigations
are needed.

Here, we used a new murine model of K. pneumoniae infection to investigate the functions
of Cavl in host defense. K. pneumoniae is a capsulate gram-negative bacterium, and the
third most commonly isolated microorganism in blood cultures from sepsis patients [12].
Due to emerging antibiotic resistance, K. pneumoniae infection remains a major health
threat [13,14]. Therefore, a better understanding of its molecular pathogenesis is necessary.
Here, we sought to define the host defenses generated against K. pneumoniae using cavl
KO mice. We demonstrated that Cavl deficiency led to a more severe disease phenotype in
mice due to a dysregulated cytokine profile. Additionally, our results suggest that this
phenotype depends on Akt-STATS cross-talk, involving the p-catenin-GSK3p signaling
system.

Cavl regulates the susceptibility to acute pneumonia caused by K. pneumoniae

To determine the role of Cavl in K. pneumoniae infection, we intranasally introduced this
bacterium (2 x 10° CFU/mouse) to cav KO and WT mice (with otherwise similar genetic
backgrounds). We used KO mice within 4 months after birth as pulmonary abnormalities are
known to occur after 6-12 months of age. This high inoculum was implemented to evaluate
acute infection within 72 h [12,15]. As shown in Fig. 1A, the cavZ KO mice rapidly
succumbed to K. pneumoniae pneumonia with 66.7% mortality within 24 h and 100%
mortality by 48 h. In contrast, the WT mice were profoundly resistant and showed
significantly greater survival than the cavZ KO group (Log-rank test, p= 0.029). These
findings indicate that Cav1 significantly contributes to the resilience of these animals against
K. pneumoniae infection.
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Cavl KO mice show elevated bacterial burdens in the lung

To compare the host responses to K. pneumoniae in cavl KO and WT mice, bacterial
burdens in the lungs and other organs were determined. Animals were challenged with 2 x
10° CFU/mouse of K. pneumoniae and sacrificed at 24 h (5 mice/group). After BAL
(bronchoalveolar lavage) procedures to remove free bacteria, the lungs were aseptically
removed and homogenized in order to quantify bacterial burdens. CavZ KO mice showed
significantly increased CFUs of K. pneumoniae in the lung tissue and alveolar macrophages
(AMs) when compared with WT mice (Fig. 1B and C showing CFU per gram lung or per
1000 AMs; p< 0.001, one-way ANOVA). To better understand the role of Cavl, we also
investigated bacterial burdens at an early time point (8 h postinfection) (4 mice/group), and
our results showed that CFUs in BAL cells and in lung homogenates were also significantly
increased in CavZ KO mice as compared with WT mice (Fig. 1D and E).

Cavl deficiency is associated with more severe lung injury

To determine lung injury caused by K. pneumoniae infection, the levels of
polymorphonuclear neutrophils in BAL cells and lungs from both cavZ KO and WT mice
were assayed. The proportion of neutrophils in the BAL fluid was significantly elevated in
cav1 KO mice after 24 h K. pneumoniae infection (Fig. 2A). As compared with WT mice,
there was also increased neutrophil infiltration and interstitial edema in the lung tissue of
cav1 KO mice, while no (comparable) change was observed in controls without K.
pneumoniae infection (Fig. 2B). We found that neutrophils started to migrate to the lung in
KO mice about 4 h after infection, while no neutrophils were detected in the BAL at the
beginning (<1 h). In addition, no neutrophils were observed in control mice without KP
infection (data not shown). Finally, levels of myeloperoxidase (MPQ) in lung were found to
be significantly elevated in cavZ KO mice compared with WT mice following infection (Fig.
2C and D, p=0.044). We further determined reactive oxygen species (ROS) levels in the
lungs using the H,DCF method [16]. As shown in Fig. 2D, levels of ROS were more
significantly increased in cavZ KO mice than in WT mice (p = 0.02). A higher level of ROS
was also observed in infected WT mice compared with the noninfection group. These data
collectively suggest that more severe lung injury and oxidation occurred in cavZ KO mice
than in WT mice upon K. pneumoniae infection.

Cavl deficiency alters K. pneumonia-induced inflammation in BAL fluid and organs

To analyze whether Cav1l deficiency impacts the inflammatory responses induced by K.
pneumonia infection, cytokine levels in BAL fluid were assayed by ELISA at 24 h after
infection. Levels of TNF-a, IL-1pB, IL-6, and IL-17 were found to be significantly increased
in BAL fluid from infected cavZ KO mice as compared with levels in BAL fluid from
infected WT mice, while the concentrations of IFN-vy, IL-2, IL-10, and IL-4 were not
significantly altered (Fig. 3A—H). This indicates that loss of Cavl may accelerate the
proinflammatory response in mice infected by K. pneumoniae (Fig. 3A-H).

Since it is possible that bacterial burdens may trigger profound tissue injury and mortality, it
is also necessary to analyze the cytokine levels at earlier times. We examined cytokine
levels at an earlier time (8 h post-infection), and our results showed that IFN-y, TNF-a,
IL-1pB, IL-6, and IL-10 were also increased in infected CavZ KO mice as compared with
levels in infected WT mice (Fig. 4A-E), indicating that Cav1 deficiency may play an
important regulatory role in cytokine production in the K. pneumonia-infected lung. Because
Cav1 has been implicated in the negative regulation of cytokines, downregulation of Cavl
may intensify proinflammatory cytokine production, contributing to disease development
and intensified tissue damage.

Eur J Immunol. Author manuscript; available in PMC 2013 June 01.
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Because IL-27p28 can broadly inhibit various cytokines from T cells including Th17 cells,
we sought to further analyze the cytokine network, and quantified IL-27p28 in the lung and
kidney to assess organ-specific pathology. The level of IL-27p28 was increased in both the
lung and kidney of infected Cav 1 KO mice as compared with infected WT mice, whereas
MIP2 (a chemokine released by macrophages) was increased only in the kidney (Fig. 4F-1I).
These data suggest that immunity against this infection may be related to compartmental
variations in cytokine levels and may be involved in macrophages as well as T cells.

Cavl KO mice are more susceptible to septicemia

One cause of mortality during bacterial pneumonia is its systemic dissemination into other
major organs, a phenomenon known as septicemia. We assayed bacterial burdens in the liver
and kidney (Fig. 4J and K). CavI KO mice showed significantly increased CFUs in the liver
(p=10.001) and kidney (p < 0.001) as compared with WT mice. This result indicates that
more severe dissemination occurred in cavZ KO mice than in WT mice.

STATS5 and Akt contribute to the infectious phenotypes

We studied the regulatory mechanism underlying the susceptibility to K. pneumoniae
infection in cavZ KO mice. Using western blotting, we found that the GSK3p—f-catenin—
Akt pathway may be involved in controlling K. pneumoniae infection. The protein levels of
GSK3p and IL-12a, as well as phosphorylation of Akt, GSK3p, and ERK1/2, were
significantly elevated in cavZ KO mice following K. pneumoniae infection, while the
protein levels of Akt, B-catenin, and STATS5 (also p-STATS5) were markedly downregulated
(Fig. 5A and B, and densitometry analysis, Fig. 5C). Thus, the decreased levels of STAT5
and Akt, as well as increased levels of IL-6 and IL-12a, may result from the loss of Cavl’s
negative feedback mechanism. These data suggest that the STAT5 pathway may be
downregulated by a negative signal from the GSK3p — p-catenin — Akt axis in this model.
Since the early time point showed altered cytokine responses, we next evaluated relevant
cell signaling proteins at 8-h postinfection. Our data (Fig. 5D and E) demonstrate that the
cell signaling pattern at 8 h postinfection is also altered in cavZ KO mice versus WT mice by
infection. Importantly, the major responsive proteins (e.g. Akt, B-catenin, KC, and STAT5)
at 8 h showed similar decreases, while other signaling proteins (GSK3p and IL-12a) did not
display the increases seen at 24 h. These data were densitometrically analyzed as shown in
Fig. 5F. Thus, the cell signaling data at early time points are in-line with the signaling results
at late time points. However, as not all increases/decreases were the same at 8 and 24 h, our
data also indicate that the cytokine responses may increase as the disease progresses. The
expression of Akt and STAT5 was also measured in lung tissue using
immunohistochemistry, which showed decreased staining for both proteins in cavZ KO mice
versus WT mice after infection (Fig. 5G, arrows indicating significant changes in
fluorescent intensity between control and KO mice lungs). As previous studies show that
GSK3p can destabilize p-catenin [17], we speculate that GSK3p may negatively regulate
Akt or B-catenin, leading to a lowered STATS and dysregulated cytokine patterns. Since
IL-27 has previously been shown to be associated with STATL, we also evaluated the
expression levels of STATL, and found that there were no significant differences between
control mice and KO mice (data not shown). Similar changes in p-catenin, GSK3p, and
cytokine (IL-6 and IL-12a) levels were observed in lung tissue of cavZ KO mice as assessed
by immunostaining (Supporting Information Fig. 1 and 2). Importantly, as assessed by
western blotting, the expression pattern of the investigated cell signaling molecules at 8 h
was similar to that at the late time point.

STATS pathway is altered by knocking down Cav1l in MLE-12 cells

To gain insights into the impact of Cavl on Akt-STATS signaling, we transfected murine
alveolar epithelial MLE-12 cells with either WT cavZ or a dominant negative (DN) cavl
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expressing plasmid as described previously [18]. MLE-12 cells are widely used as a model
for murine lung epithelial function [11]. Twenty-four hours after transfection, cells were
infected with K. pneumoniafor 1 h at 10:1 MOI and lysed in order to evaluate CFUs. As
expected, decreased bacterial clearance was observed in cavZ knockdown cells as compared
with WT or vector control cells (Fig. 6A). Similarly, blocking STAT5 with a chemical
inhibitor WP1066 decreased bacterial clearance, although to a lesser extent than did cavZ
DN transfection (Fig. 6A). Consistent with the in vivo data, the levels of ROS were also
elevated in cavI knockdown cells compared with control cells following K. pneumonia
infection (Fig. 6B, p= 0.01) as quantified by the H,DCF assay and similarly increased ROS
was also measured with the NBT method (Supporting Information Fig. 3). Furthermore, we
determined cell survival after transfection with the cavZ DN plasmid. As assessed by the
MTT cell proliferation assay, we saw significantly decreased survival of cavZ DN
transfected cells when compared with WT cells following K. pneumonia infection
(Supporting Information Fig. 4). These results indicate that more cell death occurred in the
cav1 knockdown cells than in WT cells challenged by K. pneumonia.

Importantly, mutation of Cav1 resulted in a similar increase in phospho-STATS while no
apparent increase in total STAT5 protein was observed at 1 h (note that the tissue was
obtained 24 h postinfection). Although Cav1 mutation resulted in significantly decreased f-
catenin protein expression following 1 h infection, the WT plasmid transfected cells showed
a much greater increase. These results are largely consistent with the data from cavZ KO
mice, indicating that Cav1l deficiency altered the expression of STATS and Akt. This change
may contribute to the dysregulated cytokine profile, resulting in extremely high levels of
IL-6 and IL-12a (Fig. 6C). To confirm the role of STAT5, a STATS inhibitor (WP1066) was
used to pretreat the cavZ DN cells. WP1066 has been demonstrated to inhibit the
phosphorylation of STATS, thereby blocking STATS5 signaling [19]. Perturbation of STATS
by WP1066 significantly reduced phospho-STAT5 and downregulated 1L-6 and IL-12a
expression (Fig. 6D), but did not impact the expression of B-catenin, Akt, and STATS
protein. These data support the notion that STAT5 plays a crucial regulatory role in the
activation of cytokine secretion under Cav1 deficiency. In addition, Cavl may directly
influence the function of B-catenin as Cavl DN transfection dramatically reduced its
expression levels. The transfection alone did not alter cytokine levels prior to infection. The
expression of IL-6 in the supernatant is also increased as seen in the cell lysate (data not
shown). Collectively, these in vitro results confirm our findings derived from cavZ KO mice
indicating that the typical phenotypes for K. pneumoniae infection in these mice may result
from a dysregulated proinflammatory response associated with altered Akt-STATS5
regulation (Fig. 7).

Discussion

We show severely impaired immunity in cavZ KO mice after infection by K. pneumoniae.
cav1 KO mice exhibited a lethal phenotype including elevated bacterial burdens, severe lung
injury, and increased septicemia compared with WT mice. The levels of TNF-a, IL-1pB, and
IL-6 were significantly increased in BAL fluid. IL-27p28 was increased both in the lung and
kidney, while MIP2 was increased only in the kidney. Our studies indicate that this cytokine
profile was regulated by the GSK3p—f-catenin-Akt pathway, which may impact STATS
activity. In addition, the phagocytic ability of AMs was found to be impaired in infected
animals. To our knowledge, these data are the first to reveal that Cav1 is a critical regulator
for bacterial immunity against K. pneumoniae. As Cavl KO mice may gradually develop
respiratory complications including fibrosis in late age (12 months), the mice used for
infection were younger than 4 months of age.

Eur J Immunol. Author manuscript; available in PMC 2013 June 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Guo et al.

Page 6

Recent studies using cavZ KO mice have linked Cav1l to innate immunity against ~.
aeruginosa in lung epithelial cells [9-11]. P. aeruginosa utilizes lipid raft-mediated
endocytosis as a means of invasion [6,20-22]. Since Cav1 is a structural protein of lipid
rafts, Cav1l deficiency is thought to compromise immune function against 2. aeruginosa
[1,9,10]. To better characterize the role of Cav1 in bacterial infections, we studied the
immune response of cavl KO mice against another bacterium, K. pneumoniae. As this
bacterium has not been documented to invade host cells via lipid rafts, this model may
complement previous studies on Cav1’s immunity. cavZ KO mice exhibited a severe
outcome following K. pneumoniae infection compared with WT mice: elevated bacterial
numbers, exacerbated lung injury, and severe septicemia. These results are consistent with
previous findings [9], wherein P. aeruginosa-induced pneumonia developed into a systemic
bacterial infection in cavZ KO mice. Along the same lines, Lisanti et al. reported that cavZ
KO mice displayed decreased survival rates when intravenously challenged with S.
Typhimurium [8]. Therefore, our current data support the growing consensus that Cavl
fulfills a crucial function in resistance to invasive pathogens.

TNF-a and IL-1p are two potent proinflammatory cytokines. Our results show that their
contributions to the proinflammatory response to K. pneumonia intensified under Cavl
deficiency. Both of these cytokines also share a wide range of biological activities, including
neutrophil penetration [23]. Neutralization of TNF-a activity impairs host defense during
Klebsiella pneumonia and results in increased bacterial burdens and mortality [24]. This was
similarly seen in P. aeruginosa-infected cavi KO mice [9]. Interestingly, IL-6 was also
elevated not only in cavZ KO mice challenged with K. pneumoniae, but also in those
exposed to P. aeruginosa. 1L-6 plays disparate roles in inflammatory responses during
bacterial infections [25]. IL-6 protects the host from death following K. pneumoniae
infection; however, IL-6 neutralizing antibodies improve survival in polymicrobial septic
peritonitis [26]. Since IL-17R-deficient mice were shown to be more susceptible to K.
pneumonia infection [27], we measured IL-17 levels and found an increase in cavZ KO mice
compared with WT mice lungs. In fact, the susceptibility of IL-17-deficient mice to K.
pneumoniae has been directly associated with delayed neutrophil recruitment and reduced
G-CSF [28]. IL-17 has also been documented to induce secretion of TNFa, IL-1pB, and IL-6
[29]. The proinflammatory response to K. pneumoniae may not improve survival rates, but it
aggravates existing disease conditions as shown in cavZ KO mice infected with 2.
aeruginosa [9,11]. Despite the elevated levels of TNF-a, IL-1B, IL-6, and IL-17 in BAL
fluid, the overall survival of cavZ KO mice with K. pneumoniae infection deteriorated
rapidly. Interestingly, IL-27p28, a novel cytokine, was also increased in infected cavZ KO
mice. p28, a subunit of IL-27, has broad inhibitory effects on Th1, Th2, and Th17 subsets as
well as the expansion of regulatory T cells [30]. Hence, we propose that the elevated IL-27
may provide a passive regulatory mechanism during acute infection.

Given that MIP2 is a chemokine primarily produced by macrophages, our finding that MIP2
levels were not elevated in the lung indicates an impaired alveolar macrophage population.
This in turn suggests that distinct compartmental immunity occurs in K. pneumoniae
infection [31]. In addition, the phagocytic ability of AMs was found to be downregulated in
K. pneumoniae-infected cav KO mice (data not shown).

It has been suggested that Cav1 is an immune-modulatory effector on cytokine production
through the MKK3/p38 MAPK pathway [32]. We found that ERK1/2 was activated in cavZ
KO mice. We also noted a decreased TLR-4 response that was previously linked to gram-
negative bacteria, suggesting a troublesome lack of innate immunity in cavZ KO mice. We
also observed that GSK3p—p-catenin—Akt pathway may be involved in this infection, with
both Akt and B-catenin being downregulated by Cav1l deficiency. By contrast, GSK3p
expression and phosphorylation are significantly increased following loss of Cavl. This is

Eur J Immunol. Author manuscript; available in PMC 2013 June 01.
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consistent with the previous studies that show that GSK3p can destabilize B-catenin [17].
Although Akt is usually an upstream signal for GSK3p [33,34], in this case the Akt changes
may result from the effects of GSK3 [35]. Our data strongly support the GSK3p—3-
catenin—Akt axis, which may also influence the STATS5 signaling pathway. Importantly, we
found that proinflammatory cytokines may be dysregulated by a decreased STAT5. STATS
normally stimulates an inflammatory response during bacterial infection [36]. Park et al.
[37] have shown that Cavl is a negative regulator of JAK2/STAT5a signaling in the
mammary gland. This negative regulation may occur through direct molecular interaction
owing to structural homology between Cavl and SOCS-1 or SOCS3 [38]. Our data suggest
that the GSK3p—f-catenin—Akt axis may be related to a decreased STAT5 profile, making a
connection from Cav1 deficiency to the exacerbated inflammatory response.

Although the above research begins to hint at some important answers, it is not known why
decreased STATS5 functionality leads to an increased proinflammatory cytokine profile.
Previous reports have shown that Akt can connect to STATS5 and regulate neuroprotective
activity or cancer development [39]. However, little is known as to the specific functions of
the GSK3p—p-catenin—Akt axis in bacterial infection. We hypothesized that decreased
STATS may be regulated by changes in GSK3p or from the loss of Akt/p-catenin activity (at
middle or late phases of infection), since our in vitro assays indicated an increase in
pSTATS at early phases of infection. Following PIP3 and PI13K activation, Akt activation is
required to regulate apoptosis against LPS or other oxidants [40], which could also be
associated with a heightened inflammatory response. Akt is negatively regulated under Cavl
deficiency, while GSK3p is upregulated. As feedback, Akt can inhibit GSK3p, thereby
reducing the negative regulation of GSK3p in cellular processes. We assumed that an
excessive inflammatory response and inefficient apoptotic clearance of dead cells lead to
severe lung injury. Thus, an interaction between Akt and Cavl may broadly impact the
cytokine production and disease process. Downregulation of Akt and STATS was initiated
to counteract the loss of Cavl, but failed to eradicate the invading bugs. As a result, IL-6
and related cytokines could not be properly controlled by feedback signaling, contributing to
the severe infection seen in cavZ KO mice.

In summary, our studies illustrate a typical phenotype in cavZ KO mice following K.
pneumoniae infection, characterized by increased bacterial burdens in the lung, decreased
survival, severe lung injury, and increased inflammatory response. Furthermore, the
increased impairment of the immune system in these KO mice is at least in part attributed to
a regulatory function of the STAT5 pathway, which is, in turn, influenced by a GSK3p—f-
catenin—Akt axis. Our studies have also characterized a novel role of Cav1l in infection
resistance and explored its involvement with the Akt-STATS5 cross-talk, whose underlying
mechanisms warrant further study. More specifically, our data may shed light on the
pathogenesis of K. pneumoniae infection and suggest a novel therapeutic target.

Materials and methods

Animals

Cav1 KO and WT mice (B6129SF2/J) mice were obtained from the Jackson Laboratory
(Bar Harbor, ME). Mice were housed and bred in the Biomedical Research Facility at
University of North Dakota. All the animal procedures have been approved by the UND
IACUC committee.

Bacteria preparation and induction of K. pneumoniae infection in mice

K. pneumoniae (ATCC 43816 serotype 1) was provided by Dr. V. Miller (Washington
University, St. Louis) [41]. Bacteria were grown overnight in LB broth at 37°C with

Eur J Immunol. Author manuscript; available in PMC 2013 June 01.
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shaking. The bacteria were pelleted by centrifugation at 5000 x g. We then anesthetized
mice with 45 mg/kg ketamine and intranasally instilled 2 x 10° colony-forming units
(CFUs) of K. pneurmoniae in PBS (50 pl).

Cell estimation in BAL and isolation of AMs

BAL was performed 5 times with 1.0 mL volumes of lavage fluid, while the first 0.5 mL
was saved separately for cytokine detection. A cell smear was made from the BAL fluid and
stained with HEMA-3 (Fisher, Rockford, IL) for cell differential counting. AMs were
collected from the BAL fluid precipitate after centrifuging at 2000 x g for 5 min at 4°C and
cultivated in RPMI 1640 medium supplemented with 10% newborn calf serum and
penicillin/streptomycin in a 5% CO, incubator.

Histological studies

After BAL procedures, the lung, liver, and kidneys were aseptically harvested for
homogenization or fixed in 10% formalin or OCT [42]. For evaluating bacterial burdens in
BAL AMs, and lung tissue, BAL was performed to get rid of the free bacteria.
Homogenization of lung tissue was done using liquid nitrogen and samples kept on dry ice
before dissolving in RIPA buffer for western blotting analysis or in PBS for CFU and
superoxide analysis. For western blotting, the samples were sonicated for three times at 10 s
each. Histology slides were made after formalin fixation, and stained with the standard
hematoxylin-eosin method [43]. For immunohistochemistry assays, we performed OCT
fixation and cryosection and stained the slides using the methods described previously [44].

Colony forming units

AMs were resuspended in lysis solution. Lung or other tissues were homogenized by pestle/
mortar in liquid nitrogen and followed by brief sonication. AMs from BAL fluid or
homogenized tissues of the lung, liver, and kidneys were spread on LB plates to enumerate
the bacteria that have invaded into AMs or tissues. Free bacteria were killed with polymycin
B (200 pg/mL) for 1 h and washed away by lavage. Selected unlavaged samples were also
saved and assessed to evaluate the differences in cell signaling. The plates were cultured in a
37°C incubator for 18 h, and bacterial colonies were counted [22]. Triplicates were done for
each sample and control.

Cytokine determination

Cytokine concentrations in BAL fluids (the first 0.5 mL lavage solution) or tissues were
measured by standard ELISA kits according to the manufacturer’s instructions (eBioscience
company, San Diego, CA) [45]. To overcome detection limits (5 pg/mL), we have only used
the initial 0.5 mL of lavage solution to determining cytokine concentrations.

Western blotting analysis

Mouse monoclonal Abs against Cavl, Akt, phospho-ERK, STATS5, IL-6, IFN+y, and rabbit
polyclonal Abs against KC, GSK3p, B-catenin, IL-12a, and goat polyclonal Abs against
TNFa were from Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit monoclonal Ab
against GAPDH was obtained from Cell Signaling Technology (Danvers, MA). Western
blotting of lung homogenates was performed as described previously [46,47].

RT-PCR analysis

RNA was extracted from lung homogenates and cells with Trizol (Invitrogen Life
Technologies, Carlsbad, CA) according to the manufacturer’s instructions. Reverse
transcription was performed using 1.5 pg of RNA and cDNA was amplified using gene-
specific primers [48,49]. The results were normalized with GAPDH.

Eur J Immunol. Author manuscript; available in PMC 2013 June 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Guo et al. Page 9

MPO assay

MPO assay was performed as described previously (15). Samples were homogenized in 50
mM hexadecyltrimethylammonium bromide (HTAB) and assayed as previously described
[45,50].

Dihydrodichlorofluorescein diacetate (HoDCF) assay for superoxide production

H,DCF dye (Molecular Probes) does not normally fluoresce under resting conditions, but
emits green fluorescence upon reaction with superoxide inside cells. Cells were treated as
above and equal amounts of dye added [16].

3-(4,5-dimethylthiazol-2-yl)-2,5-dimethyltetrazolium bromide (MTT) assay

This assay measures color change of MTT upon reduction by enzymes to assess the viability
of cells. After infection of MLE-12 cells with K. pneumoniae, MTT dye was added at a final
concentration of 1 pg/mL as described previously [47].

Transfection of MLE-12 cells

We used LipofectAmine2000 to transfect cells at 60% confluency and achieved high
efficiency in transfection [22,51]. The yellow fluorescent protein (YFP)-Cav-1, YFP-
Cav-1A51-169 dominant negative (DN) plasmids were generated as described previously
[18]. MLE-12 cells were infected with K. pneumoniae at MOI 10:1 for 1 h and the free
bacteria were removed by washing three times with PBS. The surface bacteria were killed
by incubation with 100 pg/mL polymyxin B for 1 h and intracellular bacteria were
enumerated to determine CFU. Transfection with cavZ DN plasmid did not affect survival of
MLE-12 cells prior to incubation with K. pneumoniae. WP1066 (a novel STATS inhibitor
from Sigma) was dissolved in 1% DMSO solution and used at a final concentration of 2 pM
in culture medium. No adverse effect of the vehicle control was observed in the assays.

Statistical analyses

The differences in outcomes between cav KO and WT control animals after K. pneumoniae
infection were calculated by Kaplan—Meier survival curve comparisons, and the p values
were derived from a log-rank test. Most experiments were performed three times in
triplicate. Comparison of experimental groups with controls was done with one-way
ANOVA (Tukey’s post-hoc) [16,52].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments
This project was supported by NIH ES014690, Flight Attendant Medical Research Institute (FAMRI, 103007), and

American Heart Association Scientist Development Grant (MW); and by NIH 5R01HL092905-04 and
3R01HL092905-02S1 (HG). We thank S. Rolling of UND imaging core for help with confocal imaging.

Abbreviations

AM alveolar macrophage
BAL bronchoalveolar lavage
Cav-1 caveolin-1

DN dominant negative
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H,DCF dihydrodichlorofluorescein diacetate
JAK Janus kinase
MPO myeloperoxidase
SOCS suppressors of cytokine signaling
TBARS thiobarbituric acid reactive substance
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Figure 1.
Decreased survival rates and increased bacterial burdens in cavZ KO mice following K.

pneumoniae infection. Cav KO mice (n=6) and WT mice (n7=5) were intranasally
infected with 2 x 10° CFU/mouse of K. pneumonia. (A) Survival was determined over time.
Survival is represented by Kaplan—Meier survival curves (p = 0.029, 95% confidence
interval: 11.7- 36.3, log-rank test). (B—E) Moribund cavZ KO mice (6 mice) and WT mice
(5 mice) were euthanized for assessment of histological and biochemical alterations. (B and
D) Lungs were aseptically removed and homogenized in PBS for analysis of bacterial
burden at either 8 or 24-h postinfection. The same quantity of tissue was evaluated and the
data are expressed as CFU/g tissue. (C and E) AMs were derived from BALF and lysed in
PBS at either 8 or 24-h postinfection. Equal numbers of AMs were used to assess bacterial
burdens. Data are shown as mean + SEM (n7=5 per group) and are representative of three
experiments. ** p< 0.001 by one-way ANOVA.
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Severe lung injury in cavZ KO mice. WT and cavl KO mice (=5 per group) were infected

with 2 x 10% CFU/mouse K. pneumoniae for 24 h. (A) BALF was isolated and the

percentage of neutrophils in total nucleated cells determined. (B) The lungs were fixed in
formalin and sections were analyzed by H&E staining. One representative image of three
experiments is shown. The arrows show regions of inflammation. (C) MPO levels were

assessed in lung homogenates by HTAB. (D) ROS levels were assessed in lung
homogenates by an H,DCF method. (A, C, and E) Data are shown as mean + SEM (n=5

per group). * p=0.044, ** p=0.02 by one-way ANOVA.
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Cavl deficiency altered the inflammatory responses to K. pneumoniae. (A-H) ice (n=5 per
group) were infected with 2 x 105 CFU/mouse K. pneumoniae for 24 h and BALF was

aseptically obtained. The cytokine profiles in BAL were assayed by ELISA. Data are shown
as mean + SEM and are representative of three experiments. * p< 0.05, ** p< 0.01 by one-
way ANOVA.
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Cav1 deficiency altered the inflammatory response to K. pneumoniae at early times and in
different organs. WT mice and cavZ KO mice (5 in each group) were infected with 2 x 10°
CFU/mouse K. pneumoniae for (A-E) 8 h and (F-K) 24 h and the indicated organs were
aseptically removed. (A-I) Cytokine/chemokine levels and (J and K) bacterial burden were
evaluated. Data are shown as mean + SEM (n=5 per group) and are representative of three
experiments, ¥ p<0.01, ** p<0.001, one-way ANOVA.
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Figurebs.

Altered cellular signaling pathways in the lung with Cav1l deficiency. Mice were infected
with 2 x 10° control CFU/mouse K. pneumoniae or sham (n=5). (A and B) Lung tissues
were lysed and STAT5, Akt, pB-catenin, GSK3p, 1L12a, and phospho-ERK1/2 levels
determined by western blotting 24 h after infection. Representative blots of three
experiments are shown. GAPDH serves as the loading control. (C) Densitometry
quantification of the western blotting gel data presented in (A and B) using Quantity one
software. Data are shown as mean + SEM; one-way ANOVA, (n=5 per group) and are
representative of three experiments * p< 0.05, ** p< 0.01. (D and E) Lung tissues were
lysed and the levels of the indicated molecules determined by western blotting 8 h
postinfection (7= 5) by western blot analysis. (F) Densitometry quantification of the
western blotting gel data presented in (D and E). (G) Immunohistochemistry with specific
antibodies of lung tissue of cavZ KO mice and WT mice (n7=5 per group) before and after
infection with K. pneumoniae for 24 h. Arrows indicate significant changes in fluorescent
intensity between control and KO mice lungs. Data are representative of three experiments.

Eur J Immunol. Author manuscript; available in PMC 2013 June 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Guo et al.

Page 18

== 5
W o - — - g - -
e p—

os e —————— |
++ - ++
0.7
200 p |
- o
'8 150 % o5 R
2 R * 1
E 100 5 i T
(J N % ¥ ﬂ ﬂ m H
'3 0.1
A Anll 0 1
Control kP Control Xp
(—) Cavl DN inhibiter (—) Cavl DN inhibitor (—) Cavl DN inhibitor (—) Cavl DN inhibitor
Control kP
(—) Cavl DN inhibitor (—) Cavl ON inhibitor
o
N
¥ 2
& £
,\9) S — D — é
& £
F N [ ———— -
\9° °
k]
g
E
s
z

o ————— - -

Figure®6.

MLE-12 cells expressing a dominant negative mutant CavZ displayed an activated STAT5
pathway following K. pneumoniae infection. MLE-12 cells were either transfected with
cav1 DN or cavi WT plasmids or treated with 2 WM STATS5 inhibitor WC1066. After 24 h,
the cells were infected with K. pneumoniae at 10:1 MOI for 1 h and surface bacteria were
killed by incubating with polymyxin B for 1 h or left uninfected. (A) Bacterial burden
determined as CFUs. (B) ROS levels were determined by an H,DCF assay. (C) Expression
of the indicated molecules was determined by western blotting. GAPDH serves as the
loading control. (D) Densitometry quantification of western blotting gel data presented in
(C) using Quantity one software (one-way ANOVA (Tukey’s post-hoc), ** p< 0.001). Data
are (E) representative or shown (A, B, and D) as mean + SEM of replicates of three
representative experiments.
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Figure7.

Schematic diagram describing the proposed GSK3p—f3-catenin—Akt axis involved in the
dysregulated proinflammatory response. Cavl knockout decreases p—catenin while increases
GSK-3p expression, resulting in a decrease in Akt levels. This also downregulates STAT5
with and leads to decreased nuclear translocation, which may impact on production of
cytokines such as TNF-a, IL-12a and IL-6, and infection outcome.
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