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Caveolin-1 has been reported to regulate apoptosis, lipid metabo-
lism, and endocytosis in macrophages. In the present study, we
demonstrate that caveolin-1 can act as a potentimmunomodulatory
molecule. We first observed caveolin-1 expression in murine alveolar
macrophages by Western blotting and immunofluorescence micros-
copy. Loss-of-function experiments using small interfering RNA
showed that downregulating caveolin-1 expression in murine alveolar
and peritoneal macrophages increased LPS-induced proinflam-
matory cytokine TNF-a and IL-6 production but decreased anti-
inflammatory cytokine IL-10 production. Gain-of-function experi-
ments demonstrated that overexpression of caveolin-1in RAW264.7
cells decreased LPS-induced TNF-a and IL-6 production and aug-
mented IL-10 production. p38 mitogen-activated protein kinase
(MAPK) phosphorylation was increased by overexpressing caveolin-1
in RAW264.7 cells, whereas c-Jun N-terminal kinase, extracellular
signal-regulated kinase MAPK, and Akt phosphorylation were inhib-
ited. The antiinflammatory modulation of LPS-induced cytokine
production by caveolin-1 was significantly abrogated by the admin-
istration of p38 inhibitor SB203580 in RAW264.7 cells. Peritoneal
macrophages isolated from MKK3 null mice did not demonstrate
any modulation of LPS-induced cytokine production by caveolin-1.
LPS-induced activation of NF-xB and AP-1 determined by electro-
phoretic mobility shift assay were significantly reduced by overex-
pressing caveolin-1in RAW264.7 cells. The reductions were attenu-
ated by the administration of p38 inhibitor SB203580. Taken
together, our data suggest that caveolin-1 acts as a potent immuno-
modaulatory effecter molecule in immune cells and that the regula-
tion of LPS-induced cytokine production by caveolin-1 involves the
MKK3/p38 MAPK pathway.
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Caveolae are flask-shaped membrane invaginated vesicular or-
ganelles with a diameter of 50-100 nm (1). Besides a distinctive
lipid composition that is rich in glycosphingolipids, sphingomye-
lin, and cholesterol (2, 3), caveolae are characterized by the
existence of the 22- to 24-kD scaffolding proteins termed caveo-
lins (4, 5). Three caveolins have been identified. Caveolin-1 is
most extensively characterized. It exists as oligomeric complex
of 14-16 monomers and forms complexes with caveolin-2 (4).
Caveolin-1 and caveolin-2 are coexpressed in many cell types
and are abundant in endothelial cells, type I pneumocytes, fibro-
blasts, and adipocytes (6, 7). Caveolin-3 expression is restricted
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to muscle cells (8, 9). Caveolae have many diverse functions,
including membrane trafficking, endocytosis, regulation of cho-
lesterol and calcium homeostasis, and signal transduction in cel-
lular growth and apoptosis (2). Known as signalosome, caveolae
concentrate many signaling molecules within one specialized
plasma membrane organelle, such as H-Ras, Src family, hetero-
trimeric G protein « subunits, and endothelial nitric oxide syn-
thase (eNOS) (10). Caveolin-1 interacts with other signaling
molecules and regulates their activation. For example, caveolin-1
inhibits the activation of growth factor receptor (e.g., epidermal
growth factor receptor and platelet-derived growth factor re-
ceptor), and the downstream mitogen-activated protein kinase
(MAPK) and PI3K pathway, resulting in reduced cell growth
and increased apoptosis (11-13).

The expression of caveolin-1 and the existence of caveolae
in immune cells have been debated for a long time. Although
it was originally thought that macrophages did not express
caveolin-1 (14), recent evidence suggests that caveolin-1 is ex-
pressed in macrophages, dendritic cells, and lymphocytes (15,
16). Immunoblot analysis showed that caveolin-1 was expressed
in THP-1 macrophages (17, 18), RAW264.7 cells (19), and perito-
neal macrophages (PMs) (20). Caveolin-1 mRNA was also de-
tected in RAW264.7 cells, J774 cells, and PMs by RT-PCR or
ribonuclease protection assay (19, 21). For murine PMs, electron
microscopy and immunofluorescence studies demonstrated the
existence of caveolae and caveolin-1 in the plasma membrane
(20-22).

The biological significance of caveolin-1 in macrophages is
not clear. Caveolin-1 has been shown to play a role in apoptosis
in macrophages (23). When treated with various unrelated apo-
ptotic agents, including simvastatin, camptothecin, and glucose
deprivation, in glycolate-elicited murine PMs, caveolin-1 expres-
sion was specifically and markedly increased, whereas caveolin-2
expression remained unaffected (23). Caveolae is also believed
to be involved in lipid metabolism in macrophages (24), which is
important in the development of atherosclerosis (25). Caveolin-1
can directly bind to cholesterol and lipid acid (26). CD36 and
SR-BI, two receptors that bind high-density lipoprotein (HDL)
and selectively transfer core cholesteryl esters to the cells, are
localized in caveolae (27). Transfection of caveolin-1 into J774
and RAW264.7 inhibits HDL-mediated cholesteryl ester uptake
but not efflux (28). Upregulation of the caveolin-1 level, which
is the result of THP-1 differentiation, is associated with the
increase of HDL cholesteryl ester uptake by CD36 and choles-
terol efflux (18). Caveolae is known to be involved in non—
clathrin-coated endocytosis and may regulate the internalization
of particles such as viruses and bacteria (29, 30). When treated
with caveolae inhibitor filipin, the speed of fluid-phase and
receptor-mediated endocytosis was decreased. In macrophages
and mast cells, FimH-mediated internalization of bacteria is de-
pendent on caveolae-like vesicles. The compounds that disrupt
caveolae formation can effectively block the bacterial uptake
(31, 32).

Macrophages exist in different functional subtype according
to environmental conditions (33). Alveolar macrophages (AMs)
and PMs are bone-marrow—derived resident macrophages and
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play pivotal roles in phagocytosis and inflammation (33, 34).
However, the function of caveolin-1 with respect to innate immu-
nity in macrophages is not clear. Here we hypothesize that
caveolin-1 act as an immunomodulatory molecule and directly
regulate the inflammatory response. Furthermore, we hypothe-
size that caveolin-1 mediates the anti-inflammatory effect via
the mitogen-activated protein kinase (MAPK) pathway. We
tested our hypothesis in vitro in murine macrophages using LPS-
induced inflammatory responses.

Materials and Methods

Cell Culture, Animals, and Reagents

Primary PMs and AMs were maintained in 10% FBS Dulbecco’s modi-
fied Eagle’s medium (DMEM). RAW264.7 cells were grown in 5%
FBS DMEM (Invitrogen-Gibco, Carlsbad, CA). Caveolin-1 stably
transfected RAW264.7 cells, and vector control cells were generated
and maintained as described previously (35). Cultures were maintained
at 37°C in a humidified atmosphere of 5% CO, and 95% air. The cells
were serum starved before 100 ng/ml LPS stimulation. C57BL/6 mice
were purchased from Jackson Laboratory (Bar Harbor, ME) and accli-
mated 1 wk before experiments. MKK3 (—/—) mice were generated as
described previously (36). Wortmannin (100 nM), SB203580 (10 M),
SP600125 (10 pM), and UO126 (10 wM) (Calbiochem, Darmstadt,
Germany) were dissolved in DMSO. All reagents were added to the
culture medium 1 h before other treatments.

Isolation of PM and AM

The experimental protocols were performed in accordance with the
guidelines of Institutional Animal Care and Use Committee of the
University of Pittsburgh. Briefly, after the mice were anesthetized with
isoflurane, PMs were isolated by peritoneal lavage with 2 ml PBS each
time for three times. For AM isolation, mice were tracheotomized after
transection of the abdomen. A blunt 21-gauge needle was secured into
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the trachea. Bronchoalveolar lavage (BAL) was performed five
times with 0.3 ml PBS. Cell pellets were collected after centrifuging at
1,000 X g for 10 min at 4°C. The supernatant was discarded, and the
cells were resuspended in 10% FBS DMEM. Unattached cells were
washed off twice with PBS after 3 h in culture, and the remaining
macrophages were incubated overnight in DMEM supplemented with
10% FBS. On the following day, cells were washed twice before treat-
ment as indicated.

Synthesis and Transfection of Small Interfering RNA

Small interfering RNA (siRNA) sequences targeting caveolin-1 gene
were designed using software (Dharmacon, Inc., Lafayette, CO). Among
the five siRNAs synthesized, two sequences with better effects (AAA
GAUGUGAUUGCAGAACCA and AAUCAGCCGCGUCUA
CUCCAU) were used. The sequence (AACGCGCACACCAAGGA
GAUU) with no apparent effects was used as a negative control. For
transfection, cells were plated on 6-well plates or 24-well plates. Trans-
fections were performed with TransIT-TKO reagent (Mirus Corp.,
Madison, WI) as directed by the manufacturer. For 6-well plates, each
well received 10 nM siRNA in a volume of 1 ml in triplicate. For
24-well plates, each well received 2 nM siRNA in a volume of 200 pl
in triplicate. LPS was added after 24 h of transfection.

Cytokine Analysis

The levels of cytokines (TNF-«, IL-6, and IL-10) released by LPS-
stimulated macrophages into the culture supernatant were measured
by ELISA kits (R&D Systems, Minneapolis, MN) according to the
manufacturer’s instructions.

Western Blot Analysis

Cells were rinsed with ice-cold PBS and homogenized in lyses buffer
(1% NP-40, 20 mM Tris [pH 8.0], 137.5 mM NaCl, 1 mM Na;VO,,
and 1 mM PMSF) with complete protease inhibitor mixture (Roche
Diagnostics, Indianapolis, IN). The supernatant was collected after

Figure 1. Caveolin-1 expression in murine AMs.
Murine AMs were isolated and cultured. (A)
Caveolin-1 and B-actin expressions were deter-
mined by Western blot analysis along with mu-
rine PMs and NIH3T3 fibroblasts. (B) Immuno-
fluorescent staining of caveolin-1 and Mac-3
were performed in murine AMs. To investigate
the quality of the AMs, we performed murine
macrophage specific marker Mac-3 staining. Iso-
lated cells were subjected to immunofluorescent
microscopy. Cells (5 X 100) were counted, and
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centrifugation for 20 min at 14,000 X g at 4°C. The protein concentra-
tions were determined by Coomassie (Bradford) protein assay kit
(Pierce Biotechnology Inc., Rockford, IL) with BSA as a standard. A
total of 50-100 pg proteins in each sample were subjected to electropho-
resis through a 4-12% SDS-polyacrylamide gel (Invitrogen, Carlsbad,
CA). The proteins were electro-transferred onto polyvinylidene
diflouride membrane (Invitrogen). Membranes were blocked in Tris-
buffered saline with 0.1% Tween 20 (TTBS) containing 5% low-fat
milk for 1 h and incubated overnight at 4°C with the corresponding
primary antibody. After being washed with TTBS, membranes were
incubated for 2 h at room temperature with the corresponding second-
ary antibody. Membranes were washed again and developed with ECL
reagent (Amersham Biosciences, Piscataway, NJ). Anti—caveolin-1
polyclonal antibody was purchased from Santa Cruz Biotechnology,
Inc. (Santa Cruz, CA). Anti-mouse (-actin monoclonal antibody was
purchased from Sigma Chemical Co. (St. Louis, MO). Total and
phosphorylated forms of MAPK were from Cell Signaling Technology
(Beverly, MA).

Immunofluorescence Microscopy

BAL cells were seeded on cover slips at a density of 5 X 10%well
(24-well). Cells were rinsed three times with PBS and fixed in 2%
paraformaldehyde. The cover slips were sequentially incubated at room
temperature in PBS containing 4% goat serum for 60 min and immuno-
stained with polyclonal rabbit caveolin-1 and Mac-3 antibodies in 0.5%
BSA/PBS for 60 min. Bound primary antibodies were visualized with
Cy-3 and Alexa 488-conjugated secondary antibodies (Jackson Immuno-
Research Laboratories, West Grove, PA). Cells were viewed with an
Olympus Fluoview BX 61 confocal microscope, and images were
collected using a DC-330S cooled CCD camera (DAGE-MTI Inc.,
Michigan City, IN).

Electrophoretic Mobility Shift Assay

Nuclear protein extracts were made as described previously (37).
Double-stranded oligonucleotides containing the transcription factor-
binding site for AP-1 (5'-CGCTTGATGAGTCAGCCGGAA-3')
and NF-«kB (5'-AGTTGAGGGGACTTTCCCAGGC-3') (Promega,
Madison, WI) were labeled with P-ATP using T4 polynucleotide ki-
nase (Promega) as described (37). Four micrograms of nuclear proteins
were incubated with the probe in binding buffer (Promega) for 20 min
at 37°C. The reaction mixture was subjected to electrophoresis through
5% native polyacrylamide gels. The gels were dried and exposed.

Statistical Analysis

The differences in cytokine expression were compared by unpaired
Student’s ¢ test because cytokine production follows a normal distribu-
tion as tested by the Anderson-Darling goodness-of-fit test. The vari-
ances are equal across groups as verified by the Bartlett test. All analyses
were performed with SPSS 12.0.1 for Windows and were considered
significant at P < 0.05.

RESULTS

Caveolin-1 Expression in Murine AMs

We first examined caveolin-1 expression in murine AMs by
Western blot analysis. The levels of caveolin-1 expressed in AMs
and PMs are similar, with increased levels observed in NIH3T3

»
»

Figure 2. Modulation of LPS-induced cytokine production by downreg-
ulating caveolin-1 expression in murine AMs. Murine AMs were isolated
and cultured. (A) The cells were transfected with siRNA of caveolin-1
and control siRNA for 24 h. Caveolin-1 and B-actin expressions were
determined by Western blot analysis. After 24 h post-trasfection, the
culture medium of transfected PMs was harvested with or without LPS
treatment for 4 h. TNF-a (B), IL-6 (C), and IL-10 (D) cytokine production
was determined by ELISA. Values are mean = SE (n = 3). Data are
representative of three independent experiments.

murine fibroblasts (Figure 1A). To better characterize the ex-
pression of caveolin-1 expression in murine AMs, we performed
colocalization studies using antibodies specific for the murine
macrophage-specific marker Mac-3 (38) and caveolin-1. Mac-3
immunostaining established that approximately 94% of cells
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derived from BAL cells were macrophages (data not shown).
Double immunofluorescent staining of BAL macrophages with
Mac-3 and caveolin-1 demonstrated caveolin-1 expression in
AMs (Figure 1B). Caveolin-1 staining is mainly present on the
surface and perinuclear compartments (Figure 1B) and exten-
sively colocalizes with the Mac-3 antigen (Figure 1B), a known
macrophage plasma membrane marker.

Caveolin-1 Knockdown Modulates LPS-Induced Cytokine
Production in Murine AMs

To assess the function of caveolin-1 in macrophages, we isolated
murine AMs and investigated the modulation of cytokines pro-
duction in response to LPS. We transfected siRNA targeting
specific caveolin-1 mRNA sequences into these macrophages. At
24 h post-transfection, caveolin-1 protein levels were significantly
decreased compared with that of the control, as evaluated by
Western blot analysis (Figure 2A). AMs subjected to caveolin-1
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Figure 3. Overexpressing caveolin-1 in RAW264.7 modulates LPS-
induced cytokines production. RAW264.7 cells stably transfected with
caveolin-1, were serum starved for 24 h and administered LPS for 2
and 4 h. The culture medium was harvested. (A) TNF-a, (B) IL-6, and
(C) IL-10 were determined by ELISA. Values were mean = SE (n = 3).
Data are representative of three independent experiments.
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knockdown exhibited significant and selective augmentation of
proinflammatory cytokines TNF-a and IL-6 production and sig-
nificant suppression of the antiinflammatory cytokine IL-10 pro-
duction after LPS stimulation (Figures 2B-2D).

Overexpressing Caveolin-1 in RAW264.7 Modulates
LPS-Induced Cytokine Production

To further confirm whether caveolin-1 can modulate LPS-
induced cytokine production, we used caveolin-1 cell line over-
expressing RAW264.7 macrophages. In agreement with our
observations from the siRNA experiments that demonstrated
augmented production of proinflammatory cytokines and
suppression of antiinflammatory cytokine by knockdown of
caveolin-1, we show the reverse effect by overexpressing
caveolin-1 (Figure 3). Overexpression of caveolin-1 caused
marked attenuation of LPS-induced proinflammatory cytokines
TNF-a and IL-6 and augmentation of antiinflammatory cytokine
IL-10 (Figure 3).

Modulation of the MAPK and PI3K Pathway by Caveolin-1

We attempted to delineate the possible mechanism by which
caveolin-1 exerts its antiinflammatory effects. Given that MAPK
(ERK1/2) and PI3K mediate cytokine production and are regu-
lated by caveolin-1 in fibroblasts and endothelial cells (13, 39), we
examined whether MAPK and PI3K are modulated in caveolin-1
overexpressing RAW264.7 cells. LPS-induced activation of
ERK1/2 MAPK, JNK MAPK, and PI3K was significantly de-
creased, whereas p38 MAPK activation was significantly in-
creased in caveolin-1 overexpressing cells (Figure 4).

p38 and JNK MAPK Pathways Are Involved in the Regulation
of Caveolin-1 on Cytokine Production

Because PI3K and all three MAPK pathways were regulated by
caveolin-1, we tested which pathway attenuation would lead
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Figure 4. Modulation of MAPK and PI3K pathway by caveolin-1. After
serum starvation for 24 h, RAW264.7 cells stably transfected with
caveolin-1 gene and with control vector were treated with or without
LPS for 10 min, 20 min, and 60 min. The cells were harvested and
subjected to Western blot analysis for phosphorylated ERK1/2, INK, p38,
and Akt. The same blots were washed and blotting for total ERK1/2,
JNK, p38, and Akt as the loading control. Data are representative of
three independent experiments.
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to a loss of cytokine’s modulation by caveolin-1. UO126 (the
inhibitor of ERK1/2 MAPK) decreased TNF-a and IL-10
production compared with DMSO/LPS treatment (Figure 5).
Wortmannin (the inhibitor of PI3K) decreased IL-10 production
compared with DMSO/LPS treatment. SB203580 (the inhibitor
of p38 MAPK) and SP600125 (JNK inhibitor) decreased TNF-a,
IL-6, and IL-10 cytokine production. We observed significant dif-
ferences in cytokine production (TNF-a, IL-6, and IL-10) between
caveolin-1 overexpressing and control vector RAW264.7 cells in
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Figure 5. p38 and JNK pathway involved in the regulation of caveolin-1
on cytokines production. RAW264.7 cells stably transfected with
caveolin-1 gene (filled bars) and with control vector (open bars) were
serum starved for 24 h. The cells were pretreated for 2 h with DMSO
with or without different chemicals dissolved, including UO126, Wort-
mannin, SB203580, and SP600125. The treated cells were then adminis-
trated LPS for 4 h. The culture media were harvested. Cytokines levels
in culture medium (A) TNF-a, (B) IL-6, and (C) IL-10 were determined
by ELISA. Values were means = SE (n = 3). Data are representative of
three independent experiments.

DMSO/LPS, UOI126/LPS, and wortmannin/LPS treatments.
These findings suggest that ERK1/2 and PI3K pathways are not
involved in the regulation of cytokine productions by caveolin-1.
However, SB203580, the inhibitor of p38 MAPK, eliminated the
differences of TNF-a, IL-6, and IL-10 production between
caveolin-1 overexpressing RAW264.7 and vector control cells.
Administration of JNK inhibitor SP600125 had no effect on the
modulation of the cytokine TNF-a and IL-10 production by
caveolin-1 while reversing the modulation of caveolin-1 on IL-6
production.

MKK3/p38 MAPK Mediates the Modulation of LPS-Induced
Cytokine Production in Mouse Macrophages

We observed that caveolin-1 increased p38 phosphorylation
(Figure 4) while decreasing other MAPKSs and PI3K activation.
Inhibition of p38 activation chemically eliminated the modula-
tion of LPS-induced TNF-«, IL-6, and IL-10 production by
caveolin-1. To explore further the role of p38 MAPK, we isolated
mouse PMs from MKK3 (a major upstream kinase of p38) null
mice and wild-type littermates and transfected with siRNA of
caveolin-1. Decreasing caveolin-1 in MKK3 (—/—) macrophages
had no effect on LPS-induced TNF-q, IL-6, and IL-10 production
compared with the control siRNA transfectants (Figure 6).

The Effects of Caveolin-1 on LPS-Induced AP-1 and
NF-kB Activation

Because the cytokines studied in this study are largely regulated
by transcription factors NF-kB and AP-1 (40), we hypothesized
that caveolin-1 attenuates upstream LPS-induced NF-kB and
AP-1 activation. Caveolin-1 overexpressing and vector control
RAW264.7 macrophages were treated with LPS, and nuclear
extracts were obtained at 5 min, 15 min, 30 min, and 1 h later
and analyzed for NF-kB and AP-1 binding activities by electro-
phoretic mobility shift assay (EMSA). Cells treated with LPS
showed a predicted increase in NF-kB and AP-1 binding activi-
ties, whereas caveolin-1 overexpressing cells treated with LPS
showed a marked reduction in NF-kB- and AP-1-binding
activities (Figures 7A and 7B).

We next examined whether p38 MAPK was involved in the
suppression of transcriptional factor AP-1 and NF-«kB activation
by caveolin-1. SB203580, the inhibitor of p38, was administered
to RAW264.7 cells stably transfected with caveolin-1 gene and
vector. Caveolin-1 attenuated the LPS-induced activation of
NF-kB and AP-1 (Figure 7C). When SB203580 was added, the
activation of NF-kB and AP-1 were similarly inhibited in vector-
transfected cells as in caveolin-1 overexpressing cells. SB203580
eliminated the attenuation of caveolin-1 on NF-kB and AP-1
activation, suggesting that p38 was involved in the suppression of
caveolin-1 on LPS-induced inflammatory transcriptional factor
activation.

DISCUSSION

Caveolin-1, first identified about one decade ago, was reported
to have many functions, including the formation of caveolae,
membrane trafficking, signal transduction pathways, apoptosis,
calcium and lipid homeostasis in fibroblasts, adipocytes, and
endothelial cells (2). Recently, caveolin-1 was reported to be
expressed in PMs and involved in the pathogenesis of atheroscle-
rosis and inflammation (24). Although Kasper and colleagues
found caveolin-1 staining in rat AMs by immunohistochemistry,
they hypothesized it was the result of phagocytosis of other cell-
type debris (41). Thus, studies of caveolin-1 in AMs are absent,
and little is known about the expression and function of
caveolin-1 in AMs. In this study, we used two independent
methods to detect caveolin-1 expression in murine AMs. Using
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Figure 6. MKK3/p38 mediates the modulation of LPS induced cytokine
production by caveolin-1. PMs were isolated and cultured from MKK3
(+/+) and MKK3 (—/—) mice. (A) To investigate the quality of the
macrophages, we performed murine macrophage-specific marker
Mac-3 staining. For PMs, the cells were subjected to flow cytometry.
The positive staining cell of percentage is 95%. The cells were trans-
fected with siRNA for caveolin-1 and the control siRNA. At 24 h post-
transfection, the cells were treated with or without LPS for 4 h. The
effects of siRNA transfection were determined by Western blot analysis
(B). The culture medium was harvested. Medium cytokine levels TNF-a
(C), IL-6 (D), and IL-10 (E) were determined by ELISA (bars in E are as
forthosein Cand D). Values are means = SE (n = 3). Data are representa-
tive of three independent experiments.

Western blot analysis, we demonstrate that mouse AM expres-
sion of caveolin-1 is similar to that of the PM. Consistent with
the notion that caveolin-1 is primarily a membrane bound protein
(4), immunofluorescence staining demonstrated that caveolin-1
mainly colocalized with Mac-3 on the plasma membrane of pri-
mary mouse AMs.

The macrophage is one of the major host immune defensive
cells. It plays pivotal roles in phagocytosis, cytokine production,
and antigen presentation (33). Many investigators are interested
in the function of caveolin-1 in macrophages (15, 42-44). Besides
lipid metabolism, it is becoming more accepted that caveolin-1
modulates inflammation. Caveolin-1 suppresses inflammation via
its interaction with and inhibition of eNOS activity (45). Leonard
and colleagues reported that filipin and nystatin, drugs that specifi-
cally disrupt the caveolae microdomain by cholesterol chelation,
impaired the entry of Chlamydia trachomatis serovar K. into
J774A.1 cells (42). Satizo and colleagues showed that downregu-
lation of caveolin-1 combined with upregulation of eNOS de-
creased leukocyte adhesion in pial venules of ovariectomized
female rats (45). Bucci and colleagues used the scaffolding do-
main of caveolin-1 to inhibit edema formation and vascular leak-
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age to the same extent as glucocorticoid in rats (43). In our LPS-
induced inflammation model, caveolin-1 has a direct effect on
cytokine production in AMs and PMs. We chose siRNA technol-
ogy to manipulate caveolin-1 levels in primary macrophages,
resulting in a marked suppression of caveolin-1 expression. Be-
cause primary macrophages do not divide, the concentration of
siRNA in each cell may remain high for a longer time than in
fast-growing cells. Production of the proinflammatory cytokines
TNF-a and IL-6 was greatly increased by the treatment of siRNA
targeting caveolin-1, whereas production of the antiinflamma-
tory cytokine IL-10 was markedly attenuated. Consistently,
RAW264.7 cells stably transfected with caveolin-1 demonstrated
a markedly attenuated proinflammatory cytokine (TNF-«
and IL-6) production and increased antiinflammatory cytokine
(IL-10) production.

The MAPK and PI3K pathways are activated by many cellu-
lar stresses, including LPS, and are intimately linked with the
regulation of cytokine production (45). ERK2 and PI3K were
reported to localize in caveolae (2). These findings suggest that
the MAPK and PI3K signaling cascades were attractive target
candidates for caveolin-1. We have shown in this study, in a
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Figure 7. Effects of caveolin-1 on LPS induced
NF-kB and AP-1 activation. RAW264.7 cells sta-
bly transfected with caveolin-1 gene and with
control vector were serum starved for 24 h. After
treatment with LPS for 0 min, 5 min, 15 min, 30
min, and 1 h, the cells were harvested. Nuclear

proteins were extracted and subjected to EMSA
for (A) NF-kB and (B) AP-1 activation. (C) Effects

of SB203580 on LPS induced NF-kB and AP-1
activation. After serum starvation, RAW264.7
cells stably transfected with caveolin-1 gene
and with control vector were pretreated with
SB203580 or DMSO for 1 h. The nuclear proteins
were extracted and subjected to EMSA for NF-«B
and AP-1 activation. Cold oligonucleotides con-
taining the transcription factor-binding site for
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mouse macrophage cell line RAW264.7, that caveolin-1 selec-
tively augmented p38 phosphorylation but inhibited JNK,
ERKI1/2, and Akt phosphorylation. p38 inhibitor (SB203580)
blocked the effects of caveolin-1 on LPS-induced cytokines
production. In contrast, inhibition of the ERK1/2 and PI3K/
Akt kinase cascades did not affect the modulation of cytokine
production by caveolin-1. The pivotal role of p38 activation
was further confirmed by studies on macrophages isolated from
MKK3-gene—deleted mice. There are three MKKs that can phos-
phorylate the p38 MAPKs: MKK3, MKK4, and MKKG6 (46, 47).
Given that MKK3 is the major activator of p38, we administered
LPS to MKK3 null macrophages and found that attenuation of
the p38 by MKK3 knockout led to a complete loss of the response.
These results indicate that caveolin-1 affects LPS-induced cytokine
production through the activation of MKK3/p38. Using a chemical
inhibitor, we also showed that inhibition of the JNK pathway
reverses the modulation of proinflammatory cytokine IL-6 produc-
tion by caveolin-1, while not affecting TNF-a and IL-10 produc-
tion. Our data, along with the previous implication of the JNK
pathway in the reduction of macrophage cytokines production
by carbon monoxide and heat shock (48), suggest that the JNK
pathway is involved in the regulation of inflammatory cytokine
IL-6 production. Although the conclusion drawn from chemical
inhibitor experiments alone is not convincing, it is likely that
caveolin-1 has effects via multiple signaling pathways.

It has been previously demonstrated that the effects of LPS
on macrophages require recruitment of LPS receptor complex
(TLR4 and MD-2) to lipid rafts containing CD14 (49). Walton and
colleagues reported that LPS was capable of inducing membrane
translocation of TLR4 and MD-2 to caveolar fraction in human
aortic endothelial cells with cell fractionation and immunofluo-
rescence analyses (50). Caveolin-1 has been reported to regulate
membrane receptor signaling through directly binding or
through the interaction of the downstream signal molecules (11).

TLR4 contains a putative caveolin-1 binding motif ("*FIQSRW
CIF™) (5). It is possible that caveolin-1 may interact with TLR4
complex and regulate downstream effector functions.

NK-«B and AP-1 are well-known transcriptional factors that
regulate LPS-induced cytokine production (40). We explored
the effects of caveolin-1 on NK-«kB and AP-1 activation after LPS
treatment. The results demonstrated that caveolin-1 markedly
suppressed the activation of these two transcriptional factors as
measured by EMSA. Given previous reports that p38 regulates
NK-«B and AP-1 activation in macrophages (51, 52), we hypoth-
esized that p38 is involved in the suppression of NK-kB and
AP-1 activation by caveolin-1. SB203580, the inhibitor of p38,
consistently abolished the suppression of the transcriptional fac-
tors activation by caveolin-1. The exact mechanisms by which
caveolin-1 and p38 modulate NK-kB and AP-1 will be subject
of ongoing studies.

In summary, we have demonstrated for the fist time caveolin-1
expression in mouse AMs. Caveolin-1 has a protective role for
inflammation by suppression of proinflammatory cytokine
(TNF-a and IL-6) production and augmentation of antiinflam-
matory cytokine (IL-10) production in the LPS model. We have
also presented evidence that the effect of caveolin-1 involves
the p38 MAPK signal pathway. We speculate that increased
LPS-mediated activation of p38 and decreased activation of
JNK, NK-kB, and AP-1 by caveolin-1 lead to protection against
inflammation. Caveolin-1 is an important mediator of anti-
inflammatory effects.
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