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Lipoteichoic acid (LTA) plays a role in the pathogenesis
of severe inflammatory responses induced by Gram-
positive bacterial infection. Cytosolic phospholipase A,
(cPLA,), cyclooxygenase-2 (COX-2), prostaglandin E,
(PGE,), and interleukin (IL)-6 have been demonstrated
to engage in airway inflammation. In this study, LTA-
induced cPLA, and COX-2 expression and PGE, or IL-6
synthesis were attenuated by transfection with siRNAs
of TLR2, MyD88, Akt, p42, p38, JNK2, and p65 or pre-
treatment with the inhibitors of PI3K (LY294002), p38
(§B202190), MEK1/2 (U0126), JNK1/2 (SP600125), and
NF-«B (helenalin) in human tracheal smooth muscle
cells (HTSMCs). LTA also induced cPLA, and COX-2 ex-
pression and leukocyte count in bronchoalveolar lavage
fluid in mice. LTA-regulated PGE, or IL-6 production was
inhibited by pretreatment with the inhibitors of cPLA,
(AACOCF;) and COX-2 (NS-398) or transfection with
cPLA, siRNA or COX-2 siRNA, respectively. LTA-stimu-
lated NF-«B translocation or cPLA, phosphorylation
was attenuated by pretreatment with LY294002,
$B202190, U0126, or SP600125. Furthermore, LTA could
stimulate TLR2, MyD88, PI3K, and Racl complex for-
mation. We also demonstrated that Staphylococcus au-
reus could trigger these responses through a similar
signaling cascade in HISMCs. It was found that PGE, could
directly stimulate IL-6 production in HTSMCs or leukocyte
count in bronchoalveolar lavage fluid in mice. These re-
sults demonstrate that LTA-induced MAPKs activation is
mediated through the TLR2/MyD88/PI3K/Racl/Akt path-
way, which in turn initiates the activation of NF-«B,

and ultimately induces cPLA,/COX-2—-dependent PGE,
and IL-6 generation. (Am J Pathol 2010, 176:1671-1684%
DOI: 10.2353/ajpath.2010.090714)

Airway smooth muscle is considered as an end-response
effector regulating regional differences in ventilation by con-
traction in response to various neurotransmitters, proinflam-
matory mediators, and exogenous substances released un-
der homeostatic or pathological conditions, such as asthma.”
Lipoteichoic acid (LTA), a cell wall component of
Gram-positive bacteria, is an amphiphilic negatively-
charged glycolipid.? LTA functions as an adhesion mol-
ecule to facilitate the binding of bacteria to cells, coloni-
zation, and invasion.® Recently, several reports have
indicated that LTA shares many inflammatory properties of
lipopolysaccharide (LPS) and plays a role in the patho-
genesis of septic shock or severe inflammatory re-
sponses induced by Gram-positive bacterial infection.*
Toll-like receptors (TLRs) recognize microbial compo-
nents and evoke diverse responses in immune and other
respiratory cells through distinct signaling cascades, in
which MyD88 and tumor necrosis factor (TNF) receptor—
associated factor (TRAF)6 are key adaptor proteins.® TLR2 is
involved in the recognition of Gram-positive bacteria.® More-
over, recognition of LTA by TLR2 leads to induction of innate
immune responses through activation of many protein kinases,
transcription factors, inflammatory cytokines, and chemo-
kines.” Therefore, the roles of Gram-positive bacteria and LTA
associated with airway inflammation are determined.
Metabolites of arachidonic acid (AA) and lysophos-
phatides have been identified in situ in airway secretion of
asthmatics.®® AA is further converted to prostaglandins
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(PGs) through cyclooxygenases (COX), including the
constitutive enzyme COX-1 and the inducible COX-2."° It
has been well established that the production of eico-
sanoids (ie, PGE,) is also controlled by the availability of
free AA, which is released from membrane phospholipid
by the action of phospholipase A, (PLA,). The PLA,
superfamily is composed of three main types of lipolytic
enzymes including secretory PLA,, the 85-kDa cytosolic
group IV PLA, (cPLA,), and a calcium-independent
group VI PLA, in mammalian cells.”’ The members from
each of these families of PLA, can contribute to the
release of AA."" However, cPLA, is the only one that
exhibits specificity for AA, and its role in mediating ago-
nist-induced AA release for eicosanoid production is well
studied in various cell types.'? cPLA, has been shown to
be implicated in acute lung injury induced by sepsis and
bronchial reactivity associated with anaphylaxis.''*
COX-2 is recognized to mediate inflammatory responses
and is highly restricted under basal conditions, but is
rapidly induced by proinflammatory cytokines, LPS, or
LTA."57'7 Furthermore, increased synthesis of PGE, is
dependent on an increase in cPLA, activity in various cell
types.'® 9 These results demonstrate that cPLA, and
COX-2 play important roles in mediating AA release for
production of PGE, by inflammatory cells.

LTA binds CD14 and TLR2 to trigger several intracel-
lular signaling pathways.® However, the mechanisms of
LTA-induced cPLA, or COX-2 expression in human tra-
cheal smooth muscle cells (HTSMCs) are not completely
determined. Several studies have indicated that LTA-
induced inflammatory responses are mediated through
TLR2-dependent multiple signaling molecules, including
MyD88, TRAF6, PI3K/Akt, MAPKs, and NF-«B.”:17:20:2
MyD88 plays a key role in TLR signaling.® Our previous
study has shown that LTA induces the association of
TLR2/MyD88 in HTSMCs.” Akt, a serine/threonine kinase,
is a direct downstream effector of PI3K.?? Akt can be
regulated by multiple intracellular signaling pathways
and acts as a transducer for many pathways initiated by
growth factor receptor-activated PI3K.?® Rac1, a Rho
family GTPase, participates in regulation of various cel-
lular functions, such as cytoskeletal reorganization, cel-
lular growth, and apoptosis.?® Rac1 is involved in differ-
ent aspects of host defenses against bacterial infection,
including leukocyte chemotaxis and pathogen phagocy-
tosis.?*?° It has also been demonstrated that LTA is a
potent stimulator of MAPKs pathways, including ERK1/2,
p38 MAPK, and JNK1/2 in several cell types.'”2627
NF-kB is a key regulator of immune responses and in-
flammation through the induction of numerous genes,
including those coding for cytokines, chemokines, and
adhesion molecules.?® Rac1 has been shown to regulate
peptidoglycan-induced NF-kB activation and COX-2 ex-
pression by activating the PI3K/Akt pathway.?? In addi-
tion, NF-kB translocation and subsequent inflammatory
responses have been shown to be mediated via TLR2.2°
However, whether these signaling molecules participat-
ing in cPLA, and COX-2 expression induced by LTA in
HTSMCs are still unknown. Thus, we investigated the
roles of TLR2, MyD88, PI3K/Akt, Rac1, MAPKs, and
NF-«B in regulating LTA-induced cPLA, and COX-2—de-

pendent airway inflammation in in vitro and in vivo. We report
here for the first time that in HTSMCs, TLR2, but not TLR4, is
involved in the induction of cPLA, and COX-2—-dependent
airway inflammatory responses mediated via MyD88, PI3K/
Akt, Rac1, MAPKs, and NF-kB in response to LTA.

Materials and Methods

Materials

LY294002, U0126, SP600125, SB202190, AH 6809, SC-
19220, GW627368X, AACOCF;, NS-398, and helenalin
were from Biomol (Plymouth Meeting, PA). Metafectene
transfection reagent was from Biontex (Munich, Germany).
Luciferase assay kit was from Promega (Madison, WI). Anti-
TLR2 and anti-TLR4 antibodies (Abs) were from Invivogen
(San Diego, CA). Anti-COX-2, anti-cPLA,, anti-MyD88, anti-
p85«, anti-p110, anti-Rac1, anti-p65, anti-p38«, anti-p38,
anti-p386, anti-p38y, anti-p42, anti-JNK2, anti-B-actin, and
anti-Akt Abs were from Santa Cruz (Santa Cruz, CA). Anti—
phospho-Akt, anti-phospho-p65, anti-phospho-p38 MAPK,
anti-phospho-p42/p44 MAPK, anti-phospho-JNK1/2, and
anti-phospho-cPLA, Abs were from Cell Signaling (Danver,
MA). GAPDH was from Biogenesis (Boumemouth, UK). LTA
from Staphylococcus aureus (L2515) and other chemicals
were from Sigma (St. Louis, MO).

Cell Culture

HTSMCs were purchased from ScienCell Research Lab
(San Diego, CA) and grown as previously described.?®
Experiments were performed with cells from passages 4 to 7.

Preparation of Staphylococcus aureus

Staphylococcus aureus (S. aureus; strain 8325; a gift of Dr.
J.C. Shu, Department of Medical Biotechnology and Lab-
oratory Science, Chang Gung University, Taiwan) was
maintained in brain heart infusion broth (BHI; Sigma).
Before performing experiments, bacteria were inoculated
in 10 ml of BHI and incubated at 37°C overnight. Bacteria
were centrifuged at 800g and resuspended in prewarmed
PBS. Aliquots of the bacterial suspension were serially di-
luted and plated onto agar to quantify the cell density.
Heat-killed bacteria were prepared in the same manner, but
after suspension in PBS, they were heated to 80°C for 45
minutes and were assessed for nonviability by plating on
BHI agar plates. Suspensions were adjusted to 107 colony-
forming units (CFU)/ml, and then frozen with 20% glycerol in
aliquots before use in cell culture experiments.

Animal Care and Experimental Procedures

Male imprinting control region mice aged 6 weeks were
purchased from the National Laboratory Animal Centre
(Taipei, Taiwan) and handled according to the guidelines
of Animal Care Committee of Chang Gung University and
National Institutes of Health Guides for the Care and Use
of Laboratory Animals. Imprinting control region mice



were anesthetized with ethyl ether and placed individu-
ally on a board in a near vertical position, and the tongues
were withdrawn with a lined forceps. LTA (4 mg/kg body
weight) was placed posterior in the throat and aspirated
into lungs. Control mice were administrated sterile
H,O. Mice regained consciousness after 15 minutes.
Mice were i.p. given one dose of LY294002, U0126,
SB202190, SP600125, or helenalin (2 mg/kg) for 1 hour
before LTA treatment, and sacrificed after 24 hours.

Isolation of Bronchoalveolar Lavage Fluid

Mice were intratracheally administered with LTA or S.
aureus at a dose of 4 mg/kg or 107 CFU/mouse, respec-
tively and sacrificed 24 hours later. Bronchoalveolar la-
vage (BAL) fluid was performed through a tracheal can-
nula using 1 ml aliquots of ice-cold PBS medium. BAL
fluid was centrifuged at 500g at 4°C, and cell pellets were
washed and re-suspended in PBS. Leukocyte count was
determined by a hemocytometer.

Measurement of IL-6 Generation

Interleukin (IL)-6 released into the medium of HTSMCs
cultures was detected using an ELISA kit (R&D System,
Minneapolis, MN) according to the manufacturer’s
instructions.

Transient Transfection with siBNAs

SMARTpool RNA duplexes corresponding to human
TLR2, MyD88, Akt, p38a, p388, p388, p38y, p42, JNK2,
p65, cPLA,, COX-2, and scrambled #2 siRNA were
from Dharmacon Research Inc (Lafayette, CO). Tran-
sient transfection of siRNAs was performed using Meta-
fectene transfection reagent. siRNA (100 nmol/L) was
formulated with Metafectene transfection reagent ac-
cording to the manufacturer’s instruction. The transfec-
tion efficiency (approximate 60%) was determined by
transfection with EGFP.

Western Blot Analysis

Growth-arrested HTSMCs were incubated with 50 pwg/ml
LTA at 37°C for the indicated times. The cells were
washed, scraped, collected, and centrifuged at 45,0009
at 4°C for 1 hour to yield the whole cell extract, as
previously described.?® Samples were denatured, sub-
jected to SDS-PAGE using a 12% running gel, and trans-
ferred to nitrocellulose membrane. Membranes were in-
cubated with anti-cPLA, or anti-COX-2 Ab for 24 hours,
and then membranes were incubated with anti-mouse or
anti-rabbit horseradish peroxidase Ab for 1 hour. The
immunoreactive bands detected by ECL reagents were
developed by Hyperfilm-ECL.

RT-PCR Analysis

Total RNA was isolated with Trizol according to the protocol
of the manufacturer. The cDNA obtained from 0.5 ug total
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RNA was used as a template for PCR amplification as
previously described.®*® The primers used were as follows:
5'-TGACGGGGTCACCCACACTGTGCCCATCTA-3’
(sense) and 5'-CTAGAAGCATTTGCGGTGGACGATG-3’
(anti-sense) for B-actin; 5’-CTCACACCACAGAAAGTTA-
AAAGAT-3" (sense) and 5'-GCTACCACAGGCACAT-
CACG-3' (anti-sense) for cPLA,; 5'-TTCAAATGAGATTGT-
GGGAAAATTGCT-3' (sense) and 5'-AGATCATCTCT-
GCCTGAGTATCTT-3' (anti-sense) for COX-2.

Isolation of Cell Fraction

Cells were harvested, sonicated for 5 seconds at output 1.5
with a sonicator (Ultrasonics Inc. NY, USA), and centrifuged
at 6800g for 15 minutes at 4°C. The pellet was collected as
the nuclear fraction. The supernatant was centrifuged at
20,000g for 60 minutes at 4°C to yield the pellet (membrane
fraction) and the supernatant (cytosolic fraction).

Measurement of cPLA, and COX-2 Luciferase
Activity

For construction of the cPLA,-luc or COX-2-luc plasmid,
human cPLA, or COX-2 promoter, a region spanning
—2375 to +75 bp or —459 to +9 bp, respectively, was
cloned into pGL3-basic vector (Promega, Madison, WI).
cPLA,-luc or COX-2-luc activity was determined as pre-
viously described using a luciferase assay system (Pro-
mega, Madison, WI).%° Firefly luciferase activities were
standardized for B-gal activity.

Measurement of PGE, Generation

HTSMCs were cultured in six-well culture plates. After
reaching confluence, cells were treated with LTA (50
wg/ml) for the indicated times at 37°C. After treatment,
the medium were collected and stored at —80°C until
being assayed. PGE, was assayed using the PGE, en-
zyme immunoassay kit (Cayman) according to the man-
ufacturer’s instructions.

Co-Immunoprecipitation Assay

Cell lysates containing 1 mg of protein were incubated
with 2 pg of anti-TLR2 or anti-MyD88 Ab at 4°C for 24
hours, and then 10 wl of 50% protein A-agarose beads
was added and mixed at 4°C for 24 hours. The immuno-
precipitates were collected and washed three times with
lysis buffer without Triton X-100. 5X Laemmli buffer was
added, subjected to electrophoresis on 12% SDS-PAGE,
and then blotted using an anti-TLR2, anti-MyD88, anti-
p85«, anti-p110, or anti-Rac1 Ab.

Immunofiuorescence Staining

HTSMCs were plated on six-well culture plates with cover-
slips. Cells were further cultured in DMEM/F-12 containing
1% FBS for 24 hours, and then incubated with 50 ug/ml LTA
for the indicated times. Cells were fixed, permeabilized, and
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Figure 1. LTA and S. aureus induce PGE, and
L IL-6 generation in a cPLA,/COX-2-dependent
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manner. A: HTSMCs were incubated with 50
pg/ml LTA or 107 CFU/ml live or heat-killed S.
aureus for the indicated time intervals. The ex-
pression of ¢PLA, and COX-2 were determined
by Western blot. B: HTSMCs were pretreated
with the inhibitor of cPLA, (AACOCF;) or COX-2
(NS-398) for 1 hour, and then incubated with 50
pg/ml LTA or 107 CFU/ml heatkilled S. aureus
for 24 hours. The generation of PGE, was deter-
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stained using an anti-p65 Ab as described previously.*°
The images observed under a fluorescence microscope
(Zeiss, Axiovert 200M).

Analysis of Data

Concentration-effect curves were fitted and ECy, values
were estimated using the GraphPad Prism Program
(GraphPad, San Diego, CA). Data were expressed as the
mean = SEM and analyzed by one-way analysis of variance
followed with Tukey post hoc test. P < 0.05 was considered
significant.

Results

LTA and S. aureus Induce
cPLA/COX-2-Dependent PGE, and
IL-6 Generation in HTSMCs

LTA plays a role in the pathogenesis of severe inflamma-
tory responses induced by Gram-positive bacterial infec-

tion, such as S. aureus.? To determine the effects of LTA
and S. aureus on cPLA, and COX-2 expression, HTSMCs
were incubated with LTA (50 pg/ml) or S. aureus (107
CFU/ml) for the indicated time intervals. We found that
LTA and S. aureus markedly induced cPLA, and COX-2
protein expression in a time-dependent manner (Figure
1A). Moreover, LTA also enhanced cPLA, and COX-2
mRNA accumulation in a time-dependent manner (Sup-
plemental Figure S1 at http://ajp.amjpathol.org). In addi-
tion, incubation with LTA or S. aureus stimulated cPLA,
and COX-2 promoter activities or PGE, synthesis (Sup-
plemental Figure S1 at http.//ajp.amjpathol.org). Pretreat-
ment with the inhibitors of cPLA, (AACOCF;) or COX-2
(NS-398) attenuated PGE, synthesis induced by LTA or
S. aureus (Figure 1B). Increased PGE, synthesis has
been shown to be dependent on an increase in cPLA,
activity in various cell types.'®'® We further investigated
the effect of LTA on the phosphorylation of cPLA, in
HTSMCs. As shown in Figure 1C, LTA stimulated cPLA,
phosphorylation in a time-dependent manner. These data
suggested that PGE, generation induced by LTA or S.
aureus was dependent on the up-regulation of cPLA, and
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COX-2in HTSMCs. LTA or LPS has been shown to stimulate
the expression of various proinflammatory mediators, in-
cluding IL-6, TNF-a, or IL-18.* Moreover, we also found that
LTA and S. aureus induced IL-6 secretion in HTSMCs (Sup-
plemental Figure S1 at http.//ajp.amjpathol.org). To deter-
mine whether LTA and S. aureus could induce IL-6 gener-
ation via a cPLA,/COX-2-dependent signaling, as shown in
Figure 1, D and E, transfection of HTSMCs with cPLA,
siRNA or COX-2 siRNA attenuated IL-6 production induced
by LTA and S. aureus, suggesting that LTA and S. aureus
induced PGE, and IL-6 secretion in a cPLA,/COX-2-de-
pendent manner in these cells.

LTA and S. aureus Regulate cPLA, and COX-2
Expression and Leukocyte Count in BAL Fluid in
Vivo in Mice

In an in vivo study, mice were intratracheally administered
with LTA or S. aureus. As shown in Figure 2A, S. aureus

markedly caused pulmonary hematoma. In addition, BAL
fluid was acquired and airway or lung tissues were homog-

Figure 2. LTA and S. aureus enhance leukocyte count in BAL in a cPLA,/COX-2—dependent manner in
mice. A: Mice were intratracheally injected with live or heat-killed S. aureus (107 CFU/mouse) for 24
hours, and then the appearances of the lungs were observed. Mice were intratracheally injected with (B)
LTA (4 mg/kg) for 24 hours or (C) live S. aureus (107 CFU/mouse) for the indicated time intervals. BAL
fluid was acquired and leukocyte count was determined by a hemocytometer. Mice were intratracheally
o injected with (D) LTA (4 mg/kg) or (E) live S. aureus (107 CFU/mouse) for 24 hours. Airway and lung
tissues were homogenized to extract proteins. The levels of ¢cPLA, and COX-2 expression were deter-
mined by Western blot. Mice were i.p. given one dose of AACOCF; or NS-398 (2 mg/kg) for 1 hour before
(F) LTA or (G) live S. aureus treatment, and sacrificed after 24 hours. BAL fluid was acquired and
leukocyte count was determined by a hemocytometer. Data are expressed as mean = SEM of at least three
x independent experiments. **P < 0.01 as compared with the sham group (B and C). Significant differences
between the compared groups are indicated: *P < 0.05; **P < 0.01 (F and G).

enized to extract proteins. As shown in Figure 2, B-E, LTA
and S. aureus significantly enhanced leukocyte (eosinophils
and neutrophils) count in BAL fluid and cPLA, and COX-2
expression in mice. LTA and S. aureus also increased the
numbers of macrophages and lymphocytes in BAL fluid
(data not shown). Moreover, mice were i.p. administered
with AACOCF; or NS-398 for 1 hour, and then followed with
LTA or S. aureus. As shown in Figure 2, F and G, adminis-
tration with AACOCF, or NS-398 significantly inhibited LTA-
and S. aureus-induced leukocyte count in BAL fluid in mice.
These data demonstrated that LTA and S. aureus induced
airway inflammation in a cPLA,/COX-2-dependent manner
associated with leukocyte recruitment in the airways.

Requirement of TLR2 and MyD88 for
LTA-Induced cPLA, and COX-2 Expression
in HTSMCs

TLRs play an important role in detection and recognition
of the pathogens to initiate a rapid defensive mechanism
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in the host.®" We have previously demonstrated that both
TLR2 and TLR4 are expressed on HTSMCs.?® To inves-
tigate whether the LTA-induced cPLA, and COX-2 ex-
pression were mediated through these TLRs, as illus-
trated in Figure 3A, LTA-induced cPLA, and COX-2
expression were inhibited by pretreatment with an anti-
TLR2 Ab, but not an anti-TLR4 Ab, indicating that LTA
induced these responses via TLR2 in HTSMCs. To con-
firm these results, HTSMCs were transfected with TLR2
siRNA, and then incubated with LTA for 24 hours. We
found that transfection of HTSMCs with TLR2 siRNA
down-regulated the expression of total TLR2 protein and
also attenuated LTA-induced cPLA, and COX-2 expres-
sion (Figure 3B). MyD88 is an adaptor protein that is
shared by all TLR pathways.®' To determine whether the
induction of cPLA, and COX-2 expression occurred
through MyD88, as shown in Figure 3C, transfection of
HTSMCs with MyD88 siRNA down-regulated the expres-
sion of total MyD88 protein and markedly inhibited cPLA,
and COX-2 expression induced by LTA. The down-regu-
lation of cPLA, and COX-2 protein expression were fur-
ther confirmed by the reduction of cPLA, and COX-2
promoter activities induced by LTA in HTSMCs trans-
fected with TLR2 siRNA or MyD88 siRNA (Figure 3D).
Moreover, transfection with TLR2 siRNA or MyD88 siRNA
also inhibited PGE, or IL-6 release induced by LTA (Fig-
ure 3, E and F). These results suggested that LTA-in-
duced cPLA, and COX-2 expression were mediated
through a MyD88-dependent TLR2 signaling pathway in
HTSMCs.

LTA Induces cPLA, and COX-2 Expression via
PI3K/Akt

PI3K represents a key signaling molecule that transduces
extracellular signals to gene expression in different cell
types.®® Thus, we investigated the role of PI3K in LTA-
induced cPLA, and COX-2 expression and PGE, or IL-6
generation. As shown in Figure 4A, pretreatment of
HTSMCs with a PI3K inhibitor (LY294002) attenuated LTA-
induced cPLA, and COX-2 expression in a concentration-
dependent manner. Moreover, pretreatment of HTSMCs
with LY294002 also inhibited cPLA, and COX-2 mRNA ex-
pression and promoter activities and PGE, or IL-6 re-
lease induced by LTA (Supplemental Figure S2 at
http://ajp.amjpathol.org). These results suggested that PISK
is involved in LTA-induced cPLA, and COX-2 expression in
HTSMCs. Akt is a serine/threonine kinase that is implicated
in mediating a variety of biological responses, including cell
growth, proliferation, and survival.®® Akt is activated by
phosphorylation on Ser*”® 23 Thus, we further examined Akt
phosphorylation at Ser*”® stimulated by LTA in HTSMCs
using an anti-phospho-Akt Ab at Ser*”3. As shown in Figure
4B, LTA stimulated a time-dependent Ser*”® phosphoryla-
tion of Akt with a maximal response within 5 to 10 minutes.
Moreover, pretreatment of HTSMCs with LY294002 (30
wmol/L) significantly attenuated Akt phosphorylation in re-
sponse to LTA during the period of observation. To further
ensure that LTA-induced cPLA, and COX-2 expression
were mediated via Akt, as shown in Figure 4C, transfection
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A Figure 4. LTA-induced cPLA, and COX-2 expression are mediated via PI3K/Akt. A: HTSMCs were pretreated
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with LY294002 for 1 hour, and then incubated with LTA for 24 hours. The levels of cPLA, and COX-2 expression
were determined by Western blot. B: HTSMCs were pretreated with LY294002 (30 wmol/L) for 1 hour, and then
stimulated with 50 ug/ml LTA for the indicated time intervals. The cell lysates were subjected to Western blot
using an anti-phospho-Akt Ab at Ser*”? HTSMCs were transfected with scrambled siRNA or Akt siRNA, and then
challenged with LTA for 24 hours (C) or 4 hours (D). C: The levels of Akt, cPLA,, and COX-2 expression were
determined by Western blot. D: The RNA samples were analyzed by RT-PCR for the levels of cPLA, and COX-2
mRNA expression. E: HTSMCs were co-transfected with Akt siRNA or scrambled siRNA and cPLA,-luc or
COX-2-luc reporter gene, and then treated with 50 pg/ml LTA for 4 hours. The cPLA, and COX-2 promoter
activities were determined in the cell lysates. F and G: HTSMCs were transfected with scrambled siRNA or Akt
siRNA, and then challenged with LTA for 24 hours. The media were collected and analyzed for PGE, and IL-6
production. Data are expressed as mean * SEM of at least three independent experiments. *P < 0.05; **P < 0.01
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with Akt siRNA significantly down-regulated the expression
of total Akt protein and subsequently led to a decrease of
cPLA, and COX-2 protein expression in response to LTA.
This down-regulation of cPLA, and COX-2 protein expres-
sion resulted from the reduction of cPLA, and COX-2 mRNA
levels (Figure 4D) and promoter activities (Figure 4E) in
HTSMCs transfected with Akt siRNA. In addition, transfec-
tion with Akt siRNA also reduced LTA-stimulated PGE, and
IL-6 release (Figure 4, F and G). Taken together, these data
suggested that LTA induces cPLA, and COX-2 expression
via a PIBK/Akt signaling in HTSMCs.

LTA- and S. aureus—Induced cPLA, and
COX-2 Expression Are Mediated via the
Formation of a TLR2/MyD88/PIBK/Rac1
Complex

MyD88 plays a key role in TLRs signaling.®' Our previous
study has shown that LTA induces the association of
TLR2/MyD88 in HTSMCs.” In addition, LTA has been
shown to induce the formation of a TLR2/PI3K complex.®
PI3K has been shown to activate a downstream compo-
nent Rac1 in SH-SY5Y cells.®® Thus, we further investi-
gated the physical association among TLR2, MyD88,
PI3K, and Rac1 in LTA- and S. aureus-induced cPLA,
and COX-2 expression. HTSMCs were stimulated with
LTA (50 ug/ml) or S. aureus (107 CFU/ml) for the indicated
time intervals. The cell lysates were subjected to immu-
noprecipitation using an anti-TLR2 or anti-MyD88 Ab, and

then the immunoprecipitates were analyzed by Western
blot using an anti-MyD88, anti-p85«, anti-p110, anti-
Rac1, or anti-TLR2 Ab. As shown in Figure 5A, the protein
levels of MyD88, p85«, p110, and Rac1 were time-de-
pendently increased in a TLR2-immunoprecipitated com-
plex. Moreover, the protein levels of TLR2, p85«a, p110,
and Rac1 were also up-regulated in MyD88-immunopre-
cipitated complex (Figure 5B). These results suggested
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Figure 5. LTA- and S. aureus-induced cPLA, and COX-2 expression are
mediated through the formation of a TLR2/MyD88/PI3K/Racl complex.
HTSMCs were stimulated with 50 pg/ml LTA or 107 CFU/ml heat-killed .
aureus for the indicated time intervals. The cell lysates were subjected to
immunoprecipitation with anti-TLR2 (A) or anti-MyD88 Ab (B), and then the
immunoprecipitates were analyzed by SDS-PAGE and immunoblotted using
an anti-TLR2, anti-MyD88, anti-p85¢, anti-p110, or anti-Racl Ab.
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that LTA and S. aureus trigger the association among
TLR2, MyD88, PI3K, and Rac1 leading to cPLA, and
COX-2 expression in HTSMCs.

Involvement of ERK1/2, p38 MAPK, and JNK1/2
in LTA-Induced cPLA, and COX-2 Expression

Recently, MAPK family members have been shown to
regulate cPLA, and COX-2 expression in various cell
types.3*35 In this study, we investigated the roles of
ERK1/2, p38 MAPK, and JNK1/2 in LTA-mediated cPLA,
and COX-2 expression in HTSMCs. It was found that LTA-
enhanced cPLA, and COX-2 protein and mRNA expres-
sion, promoter activities, and PGE, or IL-6 generation were
inhibited by pretreatment with the inhibitors of MEK1/2
(U0126), p38 MAPK (SB202190), or JNK1/2 (SP600125;
Supplemental Figure S3 at http.//ajp.amjpathol.org). To fur-
ther ensure that LTA-induced cPLA, and COX-2 expression
were mediated via these MAPKs, transfection of HTSMCs
with siRNA of p42, p38a, p38B, p38y, p385, or JNK2
knocked down the expression of respective protein and
subsequently attenuated LTA-enhanced cPLA, and COX-2
expression and PGE, and IL-6 release (Figure 6, A-C). In
addition, LTA also significantly stimulated ERK1/2, p38

MAPK, and JNK1/2 phosphorylation, which were inhibited
by pretreatment with U0126, SB202190, and SP600125,
respectively (Figure 6D) or transfection with siRNA of TLR2,
MyD88, or Akt (Figure 6E). MAPKs have been shown to
mediate the phosphorylation of cPLA,.*® Thus, we next
investigated whether the involvement of PI3K/Akt, ERK1/2,
p38 MAPK, or JNK1/2 in LTA-stimulated cPLA, phosphor-
ylation. We found that pretreatment with LY294002, U0126,
SB202190, or SP600125 inhibited LTA-stimulated cPLA,
phosphorylation in HTSMCs (Figure 6F). These results sug-
gested that LTA-stimulated cPLA, activation via MAPKs
phosphorylation in a TLR2/MyD88/PI3K/Akt-dependent
manner in HTSMCs.

LTA-Induced cPLA, and COX-2 Expression Are
Mediated via a TLR2-Dependent NF-kB
Signaling

Inflammatory responses after stimulation with various in-
sults, such as LPS and LTA, are highly dependent on NF-«B
activation.'®2° In addition, NF-«kB has been shown to reg-
ulate cPLA, and COX-2 expression in various cell
types. 2234 Moreover, in this study, we found that LTA-
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Figure 7. LTA induces cPLA, and COX-2 expression via NF-kB. A—-C: HTSMCs were transfected with
scrambled siRNA or p65 siRNA, and then challenged with LTA for 24 hours. A: The levels of p65, cPLA,,
and COX-2 expression were determined by Western blot. B and C: The media were collected and
analyzed for PGE, and IL-6 production. D: HTSMCs were transiently transfected with NF-«B-luc
reporter gene, and then challenged with LTA for the indicated time intervals. The NF-kB promoter
activity was determined in the cell lysates. E: HTSMCs were stimulated with LTA for the indicated time
intervals. The cell lysates were subjected to Western blot using an anti-phospho-p65 (Ser®*®) Ab. The
cytosolic and nuclear extracts were prepared and subjected to Western blot using an anti-p65 Ab. Lamin
A and GAPDH were used as a marker protein for nuclear and cytosolic fractions, respectively. F:
HTSMCs were transiently transfected with NF-kB-luc reporter gene, pretreated with an anti-TLR2 Ab (5
wg/mb), LY294002 (30 wmol/L), U0126 (10 wmol/L), SB202190 (10 wmol/L), SP600125 (10 wmol/L), or
helenalin (1 umol/L) for 1 hour, and then incubated with LTA for 1 hour. The NF-kB promoter activity
was determined in the cell lysates. G: HTSMCs were pretreated with an anti-TLR2 Ab (5 ug/mb),
LY294002 (30 wmol/L), U0126 (10 wmol/L), SB202190 (10 wmol/L), SP600125 (10 wmol/L), or helenalin
(1 pmol/L) for 1 hour, and then stimulated with 50 ug/ml of LTA for 1 hour. HTSMCs were fixed, and
then labeled with anti-p65 Ab and followed with an FITC-conjugated secondary antibody. Individual
cells were imaged. The red arrow indicates p65 expression. Data are expressed as mean = SEM of at
least three independent experiments. Significant differences between the compared groups are indi-
cated: *P < 0.05; *P < 0.01 (B, C, F). *P < 0.05 as compared with the basal level (D).
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enhanced cPLA, and COX-2 protein and mRNA expres-
sion, promoter activities, and PGE, or IL-6 generation
were inhibited by pretreatment with helenalin (an inhibitor
of NF-kB; Supplemental Figure S4 at http://ajp.amjpathol.
org). To confirm these results, as shown in Figure 7, A-C,
transfection of HTSMCs with p65 siRNA down-regulated
the expression of total p65 protein and markedly inhibited
LTA-induced cPLA, and COX-2 expression and PGE, or
IL-6 generation. LTA also stimulated an increase in NF-«B
promoter activity (Figure 7D) and the phosphorylation and
translocation of NF-kB (p65) (Figure 7E). We next investi-
gated the roles of TLR2, PI3K/Akt, and MAPKs in LTA-
mediated NF-«B promoter activity and translocation. Our
results showed that LTA-induced NF-«B promoter activity
and nuclear translocation were inhibited by pretreatment
with an anti-TLR2 Ab, LY294002, U0126, SB202190,
SP600125, or helenalin, determined by promoter assay and
immunofluorescence staining, respectively (Figure 7, F and
G). These results suggested that LTA-induced cPLA,/COX-

2-dependent PGE, and IL-6 generation are mediated
through a TLR2-dependent NF-kB signaling in HTSMCs.

LTA- and S. aureus Induce cPLA, and COX-2
Expression via PIBK/Akt, MAPKS, and NF-kB in
Vivo in Mice and in Vitro in HTSMCs

To further determine whether LTA- and S. aureus—in-
duced cPLA, and COX-2 expression were mediated via
PI3K/Akt, MAPKs, and NF-«kB in vivo, mice were i.p. ad-
ministered with LY294002, U0126, SB202190, SP600125,
or helenalin for 1 hour, and then followed with LTA or S.
aureus. As shown in Figure 8, A and B, administration with
these inhibitors significantly attenuated LTA- and S. au-
reus—induced leukocyte count in BAL fluid in mice. In
addition, LTA- and S. aureus-induced cPLA, and COX-2
expression were also attenuated by administration with
these inhibitors (Figure 8, C and D). On the other hand,
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transfection with the siRNA of TLR2, MyD88, Akt, p38a, p42,
JNK2, or p65 could reduce S. aureus—-induced cPLA, and
COX-2 expression in HTSMCs (Figure 8E). These data sug-
gested that LTA induces cPLA, and COX-2 expression via
PIBK/Akt, MAPKs, and NF-kB in the airways. In addition, S.
aureus could trigger cPLA, and COX-2 expression via a
similar signaling cascade in HTSMCs.

Arachidonic Acid Enhances cPLA,
Phosphorylation and cPLA/COX-2
Expression in HTSMCs

Metabolites of AA and lysophosphatides have been iden-
tified in situ in airway secretion of asthmatics.8® AA has
also been shown to induce COX-2 protein expression in
PC-3 human prostate cancer cells.3” Thus, we further
investigated the effects of AA on cPLA, phosphorylation
or cPLA, and COX-2 expression in HTSMCs. Cells were
incubated with 30 umol/L AA for the indicated time inter-
vals. We found that AA markedly enhanced cPLA, phos-
phorylation (Figure 9A) or cPLA, and COX-2 expression
(Figure 9B) in a time-dependent manner. These data
suggested that AA could cause a positive feedback re-
sponse, and then amplify the airway inflammatory re-
sponses through the induction of cPLA, and COX-2
expression.

PGE, Regulates IL-6 Release in Vitro in
HTSMCs and Leukocyte Count in BAL Fluid

in Vivo in Mice

PGE, has been shown to regulate IL-6 production in RAW
264.7 macrophages.®® In addition, PGE,, one of the ma-

jor PGs products, exerts its biological activities by bind-
ing to specific cell surface receptors, designated PGE,
receptors (EPs).2° Thus, we investigated whether LTA or
S. aureus could induce IL-6 production via PGE, in
HTSMCs. Cells were pretreated with AH 6809 (an EP1
and EP2 receptor antagonist), SC-19220 (an EP1 recep-
tor antagonist), or GW627368X (an EP4 receptor antag-
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Figure 9. Arachidonic acid induces cPLA, phosphorylation and cPLA, and
COX-2 expression in HTSMCs. Cells were incubated with 30 umol/L arachi-
donic acid (AA) for the indicated times. A: The cell lysates were subjected to
Western blot using an anti-phospho-cPLA,, or anti-B-actin Ab. B: The levels
of ¢PLA, and COX-2 expression were determined by Western blot anal-
ysis. Data are expressed as mean * SEM of three independent experi-
ments. *P < 0.05; **P < 0.01 as compared with the basal level.
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Figure 10. PGE, induces IL-6 production in
HTSMCs and leukocytes in BAL in mice.
HTSMCs were pretreated with 10 umol/L AH
6809 (an EP1 and EP2 receptor antagonist), 10
pumol/L SC-19220 (an EP1 receptor antagonist),
or 10 umol/L GW627368X (an EP4 receptor an-
tagonist) for 1 hour, and then incubated with
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LTA (A) or heat-killed S. aureus (B) for 24 hours.
aH | sc | ow |

The media were collected and analyzed for IL-6
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107 CFU/ml production. C: HTSMCs were incubated with 30
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-

0

16 24
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pmol/L PGE, for 16 hours and 24 hours, and
then IL-6 generation was measured. D: Mice
were intratracheally injected with PGE, (2 mg/
kg) for 24 hours, and then BAL fluid was ac-
quired and leukocyte count was determined by a
hemocytometer. Data are expressed as mean *
SEM of three independent experiments. **P <
0.01 as compared with the basal level (A-C) or
the sham group (D). *P < 0.05 as compared with
the cells exposed to LTA (A) or heat-killed S.
aureus (B) alone.

*%

Time (h) Sham

onist) for 1 hour, and then incubated with LTA or S.
aureus. As shown in Figure 10, A and B, pretreatment with
these PGE, receptor antagonists markedly inhibited IL-6
secretion induced by LTA or S. aureus. Moreover, we also
found that treatment with PGE, directly stimulated IL-6
generation in HTSMCs (Figure 10C). On the other hand,
in an in vivo study, administration with PGE, increased
leukocyte count in BAL fluid in mice (Figure 10D). Taken
together, these data showed that LTA and S. aureus
enhanced airway inflammation, at least in part, through
the induction of PGE,/IL-6 secretion.

Discussion

cPLA, and COX-2 play a pivotal role in the metabolism of
AA and production of proinflammatory eicosanoids.'*=°
Moreover, cPLA, and COX-2 are thought to be important
mediators in airway inflammatory responses.'®3* Several
lines of evidence suggest that high levels of PGE,, syn-
thesized by COX-2, are also involved in inflammatory
responses.®® LTA, a component of cell wall released from
Gram-positive bacteria, has been shown to be a key
player in the expression of inflammatory genes.*® Accu-
mulating evidence has demonstrated that LTA is a potent
inducer for COX-2 or PGE,, production, which contributes
to the development of inflammation.’”2" However, little
was known about the molecular mechanisms by LTA-
and S. aureus—induced cPLA,/COX-2—-dependent airway
inflammation. Here, we showed, for the first time, that
cPLA, and COX-2 expression and PGE, release were
increased on stimulation with LTA and S. aureus. By
Western blot analysis, RT-PCR, and promoter assay cou-
pling with pharmacological inhibitors and transfection
with siRNAs revealed that LTA- and S. aureus—induced
cPLA, and COX-2 expression and PGE, release were
mediated through a TLR2/MyD88/PI3K/Rac1/Akt/MAPKs/
NF-«B signaling pathway in HTSMCs. Moreover, we
demonstrated that the induction of PGE, secretion was

PGE,

involved in LTA- and S. aureus—triggered airway inflam-
matory responses.

TLRs are transmembrane proteins that detect invading
pathogens by binding conserved, microbially derived
molecules and that induce signaling cascades for proin-
flammatory gene expression.®’ Moreover, TLR2 acts as
the receptor for LTA.”?® A recent study has clearly shown
that repurified LTA from S. aureus induces TNF-a secre-
tion through a TLR2-signaling pathway.*' Here, we found
that LTA- and S. aureus—induced cPLA, and COX-2 ex-
pression were inhibited by transfection with TLR2 siRNA,
consistent with the results indicating that LTA activated
the signaling transduction pathways mediated through
TLR2 in various cell types.®” The TLR-regulated intracel-
lular signalings are initiated by TIR-domain-dependent
heterophilic interactions with TIR-domain-containing cy-
tosolic adapters, such as MyD88.%" On activation of TLR,
MyD88 is recruited to TLR domains and links TLR with the
downstream intracellular signaling components.*? This is
confirmed by our observation that LTA- and S. aureus—
enhanced cPLA, and COX-2 expression were attenuated
by transfection with MyD88 siRNA. On the other hand,
LTA or LPS has been shown to stimulate the expression
of various proinflammatory mediators, including IL-6,
TNF-q, or IL-1B8.* We further ascertained that LTA and S.
aureus induced PGE, and IL-6 release in a cPLA,/COX-
2-dependent manner by pretreatment with AACOCF,
and NS-398 and transfection with cPLA, siRNA and
COX-2 siRNA, respectively. These data confirmed that
LTA and S. aureus induced cPLA,/COX-2—-dependent
PGE, and IL-6 generation through a TLR2/MyD88 signal-
ing pathway in HTSMCs.

The PI3Ks are a conserved family of signal transduc-
tion enzymes that are involved in regulation of cellular
function, inflammatory responses, chemotaxis, and apo-
ptosis.*® Akt is a serine/threonine kinase that is impli-
cated in mediating a variety of biological responses,
including cell growth, proliferation, and survival.?®> More-
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over, we also showed that LTA- or S. aureus—induced
cPLA,/COX-2 expression and PGE,/IL-6 secretion were
mediated via PI3K/Akt by pretreatment with LY294002 or
transfection with Akt siRNA. Akt is activated by phos-
phorylation on two critical residues, namely Thr3°® and
Ser?”®23 This is confirmed by our observation that LTA
stimulated a time-dependent Ser*”® phosphorylation of
Akt in HTSMCs. TLRs recognize microbial components
and evoke diverse responses in immune and other respi-
ratory cells through distinct signaling cascades, in which
MyD88 and TRAFG are key adaptor proteins.® Our previ-
ous study has found that LTA induces the association of
TLR2/MyD88/TRAF6/c-Src.” In addition, LTA has been
shown to induce the formation of a TLR2/PI3K complex.®
PI3K has been shown to activate a downstream compo-
nent Rac1 in SH-SY5Y cells.®*® Rac1 is involved in differ-
ent aspects of host defenses against bacteria, including
leukocyte chemotaxis and pathogen phagocytosis.242°
We also showed that the physical association of TLR2,
MyD88, PI3K, and Rac1 was involved in LTA- and S.
aureus—induced cPLA, and COX-2 expression. Although
the detail protein—protein interactions among TLR2,
MyD88, PI3K, and Rac1 are not known, our results are the
first time to show a novel role of TLR2/MyD88/PI3K/Rac1
complex formation in LTA- and S. aureus—-induced cPLA,/
COX-2—dependent PGE, generation in HTSMCs. In the
future, we will further determine which domains of TLR2,
MyD88, PI3K, and Rac1 are involved in protein—protein
interactions caused by LTA and S. aureus.

The MAPKs family consists of three major members:
ERK (including ERK1/2), p38 MAPK (including p38«,
P38, p38y, and p388), and JNK (including JNK1, JNK2,
and JNK3). MAPKs are important for intracellular signal
transduction and play critical roles in regulating inflam-
matory responses.** Moreover, in this study, we also
found that LTA and S. aureus induced cPLA, and COX-2
expression via these three MAPKs by transfection with
siRNAs of p42, p38a, p38B, p38y, p388, and JNK2. On
the other hand, each p38 isoform displays a particular
pattern of tissue-specific expression, and produces dif-
ferent responses in a cell-type-specific manner.*® p38«a
and p38p are ubiquitously expressed, whereas p386 and
p38y display a more restricted pattern of expression.*®
p38y is expressed in skeletal muscle, heart, lung, thy-
mus, and testis, whereas p388 is expressed in lung,
pancreas, small intestine, kidney, testis, and epidermis.*®
Interestingly, we found that all these four p38 isoforms are
expressed in HTSMCs. In addition, transfection with siR-
NAs of TLR2, MyD88, and Akt inhibited LTA-stimulated
MAPKSs activation. Although in various cell types, such as
macrophages, an elevation in phospho-Akt levels is often
associated with a decrease in phosho-p38 levels, our
results are the first time to show a novel role of Akt in
LTA-induced p38 phosphorylation in HTSMCs.

The transcription factor NF-kB is a key regulator of im-
mune responses and inflammation through the induction of
numerous genes, including those coding for cytokines, che-
mokines, and adhesion molecules.?® Moreover, NF-«B is
one of the major mediators of the intracellular functions of
LTA.72° This is confirmed by our observation that LTA- and
S. aureus-induced cPLA, and COX-2 expression were at-

tenuated by pretreatment with a selective NF-«B inhibitor or
transfection with p65 siRNA. NF-kB dimers containing RelA
or c-Rel are retained in the cytoplasm through interaction
with the inhibitors of NF-«B (IkBs). In response to a variety of
stimuli, IkBs are phosphorylated by the activated IkB kinase
(IKK) complex, followed by rapid ubiquitin-dependent deg-
radation by the 26S proteosome.?® This allows NF-«B
dimers to translocate to the nucleus, where they stimulate
expression of target genes. In our study, it was also found
that LTA markedly stimulated p65 phosphorylation and
translocation and NF-«B promoter activity through TLR2,

v
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Figure 11. Schematic diagram illustrating the proposed signaling pathway
involved in LTA-induced cPLA,/COX-2—-dependent airway inflammation.
LTA activates the TLR2/MyD88/PI3K/Rac1/Akt pathway to enhance ERK1/2,
p38 MAPK, and JNK1/2 phosphorylation, which in turn initiates the activa-
tion of NF-kB and ultimately induces cPLA,/COX-2-dependent PGE, and
IL-6 generation in HTSMCs.



PIBK/Akt, and MAPKs in HTSMCs. A major challenge for
future research is to completely elucidate the mechanisms
that are involved in regulation of NF-«B activation and the
physiological relevance of NF-kB-targeted genes in
different cells. This may lead to the birth of therapeutic
inhibitors that selectively block NF-«B-regulated in-
flammatory responses.

Metabolites of AA and lysophosphatides have been
identified in situ in airway secretion of asthmatics.?® AA
has also been shown to induce COX-2 protein expression
in PC-3 human prostate cancer cells.®” Moreover, we
also showed that AA enhanced cPLA, phosphorylation or
cPLA, and COX-2 expression, suggesting that AA could
cause a positive feedback response, and then amplify
the airway inflammatory responses through the induction
of cPLA, and COX-2 expression. On the other hand, IL-6
is a multifunctional cytokine that plays a central role in
both innate and acquired immune responses. IL-6 is the
predominant mediator of the acute phase response, an
innate immune mechanism that is triggered by infection
and inflammation.®® PGE,, one of the major PGs pro-
duced, exerts its biological effects by binding to spe-
cific cell surface receptors, designated PGE, receptors
(EPs).3° There are four different EPs that have been iden-
tified, named EP1 to EP4, and several splice variants of
EP3 are known.®® PGE,, synthesized by many cells and
tissues throughout the body, has long been considered
the principal prostaglandin in acute inflammation, as well
as in respiratory diseases, such as COPD.*® Previous
studies have shown a positive association between en-
dogenous PGE, production and IL-6 synthesis both in
vitro and in vivo.3® This is confirmed by our observation
that pretreatment with AH 6809 (an EP1 and EP2 receptor
antagonist), SC-19220 (an EP1 receptor antagonist), or
GW627368X (an EP4 receptor antagonist) markedly in-
hibited IL-6 secretion induced by LTA or S. aureus. In addi-
tion, administration with PGE, increased IL-6 secretion in
HTSMCs and leukocyte count in BAL fluid in mice, suggest-
ing that LTA and S. aureus could enhance airway inflamma-
tion through the induction of PGE,/IL-6 secretion.

In summary, as depicted in Figure 11, our results dem-
onstrate that in HTSMCs, LTA induces MAPKSs activation
through TLR2/MyD88/PI3K/Rac1/Akt, in turn initiates the
activation of NF-kB. Activated NF-«kB is recruited to the
promoter region of cPLA, or COX-2 leading to an in-
crease of cPLA, or COX-2 expression. Moreover, cPLA,
and COX-2 contribute to the generation of PGE,/IL-6.
These results indicated a role for HTSMCs, in addition
to their contractile function, as inflammatory cells involved in
the production of chemical mediators that may contribute to
the inflammatory response seen in asthma.
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