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data not shown). We utilized siRNAs to investigate the role of  RgpA-induced enhanced IL-8 production (Fig. 1E). Thus,
PARs, which could effectively reduce each PAR mRNA ex-  the PAR—PLCy pathway plays a crucial role in RgpA-induced
pression (Fig. 1C). We confirmed that transfection of the mix-  enhanced activation of vascular endothelial cells.

ture of siRNAs for PAR,_; could simultaneously reduce the

expression of PAR,_3 (Fig. 1C). The upregulatory effect of 3.2, RgpA activates Weibel-Palade body exocytosis

RgpA on IL-8 production was reduced by knockdown of

PAR, -5 (Fig. 1D). We also found that inhibition of PLCy, Because early endothelial activation involves degranulation
a common mediator of PAR signaling, by U73122 abolished  of the endothelial cell-specific granules Weibel-Palade bodies
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Fig. |. Effect of RgpA on [L-8 production induced by P. gingivalis LPS or HKPG. (A, B) HUVECs were stimulated for 6 h with the indicated concentrations of
LPS or HKPG (A) or with E. coli LPS (10 ng/ml), P. gingivalis LPS (1 pg/ml), Pam;CSK, (0.5 ug/ml) or IL-1B {1 ng/mi) (B) in the presence or absence of 200 nM
RgpA. The amounts of [L-8 released into the media were measured by ELISA. Each value is the mean £ SD (n = 3) *vs control group, P < 0.01. (C) HUVECs
were transfected with siRNA for PAR, PAR,; or PAR, or together with these siRNAs. The expression levels of mRNAs of PAR,, PAR,; and PAR, were determined
by quantitative RT-PCR *vs control group, P < 0.01. (D, E) HUVECs were transfected together with siRNAs for PAR;, PAR; and PAR; (D) or pretreated for
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200 nM RgpA. The amounts of [L-8 released into the media were measured by ELISA. Each value is the mean + 5D (n = 3) *vs control group, P < 0.01.
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(WPBs) [13—15], we thought to delermine whether RgpA-
induced activation of vascular endothelial cells is affected by
WPB exocytosis. We first examined whether RgpA could ac-
tivate Weibel-Palade body exocytosis in HUVEC. Quantifica-
tion of exocytosis was performed by measuring the amount of
VWEF, an essential constituent of WPBs. RgpA-induced VWF
release in a similar manner to the calcium ionophore A23187
(Fig. 2A). The release of VWF occurred within 5 min and

A 104

VWF (mU/ml)

(~) 10 100 200 500 1000  A23187

RgpA (nM)

[+ 1]
S
=4

VWF (mU/ml)

B0 (min)

[[Jcontat

10 { [} Leupeptin

ﬁﬂ

3
Medium RgpA

Fig. 2. Induction of WPB exocytosis by RgpA. (A) HUVECs were stimulated
for | h with RgpA at the indicated concentrations or with 10 uM A23187. (B)
HUVECs were stimulated with 200 nM RgpA for the indicated periods. (C)
HUVECs were stimulated for | h with 200 nM RgpA or 10 uM A23187 in
the presence or absence of 2 pM leupeptin. The amounts of VWF released
into the media were measured by ELISA. Each value is the mean +SD
(m=13) *va vehicle group, P < 0.01; 'vs ‘O min', P <001; and 'vs control
group, P < 0.01
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continued for at least 60 min after stimulation (Fig. 2B). Pres-
ence of the cysteine protease inhibitor leupeptin greatly
reduced induction of VWF release by RgpA but not that by
A23187 (Fig. 2C), suggesting that RgpA-induced exocytosis
depends on its protease activity.
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Fig. 3. Regulaiory mechanisms of RgpA-activated WPB exocytosis. (A) HU-
VECs transfected with siRNAs for PAR,. PAR; or PAR; were stimulated for
I b with 200 nM RgpA or 10 pM A23187. (B) HUVECs pretreated for 30 min
with 10 uM UT3122 were stimuluted for 1 h with 200 nM RgpA. (C) HUVECs
pretreated for 30 min with 20 pM BAPTA—AM were stimulated for 1 h with
200 nM RgpA. The amounts of VWF released into the media were measured
by ELISA. Each value is the mean 4 SD (a = 3) *vs control group, P < 0.01
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3.3. RgpA activates WPB exocytosis through the
PAR—PLCy pathway

We next examined whether RgpA-induced WPB exocytosis
was mediated by PARs and PLCy. As shown in Fig. 3A. trans-
fection of respective PAR siRNA could significantly suppress
RgpA-induced VWF release. Common regulated WPB exocy-
tosis is activated through an increase in intracellular Ca®*
level after stimulation with various secretagogues [13,14). In
addition, PLCy is known as a regulator of intracellular cal-
cium release by the generation of inositol (1,4,5) triphosphale.
We found that the PLCy inhibitor U73122 decreased RgpA-
induced VWF release (Fig. 3B). Furthermore, RgpA-induced
VWF release was significantly suppressed by the cell-
permeable Ca®* chelator BAPTA—AM (Fig. 3C). Thus,
RgpA activates intracellular Ca**-dependent WPB exocylosis
through the PAR—PLCy pathway.

3.4. Effect of WPB components on P. gingivalis-induced
inflammatory responses

We finally investigated whether released substances from
WPB affect the RgpA-induced enhanced cell activation.
Among known substances of WPB, we focused on the Tie-2

receptor ligand and Ang-2 because Ang-2 is known 1o enhance
TNF-a-induced proinflammatory responses in HUVECs [16].
HUVECs expressed mRNA of Ang-2. but not that of another
Tie-2 ligand Ang-1 (Fig. 4A). Stimulation with P. gingivalis
LPS did not alter these expressions (Fig. 4A). Ang-2 protein
was localized in granules (Fig. 4B). We found that recombi-
nant Ang-2 added to the culture increased IL-8 production
by P. gingivalis LPS (Fig. 4C). Furthermore, knockdown of
Ang-2 suppressed IL-8 expression induced by P. gingivalis
LPS (Fig. 4D). Thus, Ang-2 has a role to mediate the enhanced
activation of endothelial cells.

4. Discussion

PARs play important roles in the regulation of several phys-
iological and pathological effects, including coagulation, in-
flammation and vascular homeostasis [11,12,17]. We found
that endothelial PARs were involved in RgpA induction of
WPB exocytosis and regulation of endothelial cell activation.
PAR-mediated responses in endothelial cells are known to be
activated by thrombin. Thrombin stimulation elicits a capillary
leak in vivo and increased endothelial monolayer permeability
in vitro [18,19]. In addition, thrombin activates WPB exocyto-
sis via PAR; or PAR; [20]. Thus, in a way similar to thrombin,

A C 25
L [] venicie *
5’ E 21 W a2
£ 8 2 =
R 2t
&
i LR £
. <%
Ang-1
05
IF: a-Ang-2 e R 8 12 (h
Control LPS
D 10
[[] Control
g 8
E W sirng-2
Vehicle LPS g s s
Contio) _siAng2 Coniol siAng2 3
[
b
N
Control LPS

Fig. 4. Effect of Ang-2 on IL-8 production by P. gingivalis LPS. (A) Total RNA of HUVECs stimulated for 6 b with or
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ions of LPS was

given c

extracted for RT-PCR using specific primer sets for Ang-1 or Ang-2. The cDNA of Ang-1 and Ang-2 were used as templates for positive controls. (B) HUVECs
were stained immunofiuorescently with anti-Ang-2 antibody. Cell nuclei were stained with Hoechst33342 (C) HUVECs were stimulated for 6 h or 12 h with | pg/
ml P. gingivalis LPS in the presence or absence of 200 ng/ml recombinant Ang-2. The amounts of 1L-8 released into the media were measured by ELISA. Each
value is the mean £ SD (n = 3) *vs control group, P < 0.01, (D) HUVECS transfected with siRNA for Ang-2 were stimulated for 6 h with | ug/ml P gingivalis
LPS. The expression level of IL-8 mRNA was determined by quantitative RT-PCR *vs control group, P < 0.01
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Fig. 5. Schematic of the effect of vesicl iated RgpA on lar endo-
thelial cells.

RgpA may activate PAR signaling, leading to activation and
promotion of leukocyte adhesion to the vascular endothelium,
which links inflammation and coagulation in a variety of path-
ological settings.

P. gingivalis has a broad array of virulence factors as
immunostimulatory compounds [21]. Several factors function
as agonisis for Toll-like receptor (TLR) 2 and TLR4 [22—25].
We found that IL-8 production not only by P. gingivalis LPS
and HKPG but also by TLR4-agonistic E. coli LPS, TLR2-a
gonistic Pam;CSK, and IL-1B was upregulated by RgpA,
suggesting the synergism of TLRSIL-IR and PARs. Indeed,
several recent studies have suggested that TLRs and PARs
synergistically function in induction of proinflammatory re-
sponses [26.27]. The presence of gingipains al the site of
P. gingivalis infection may affect responsiveness of the vascu-
lar endothelium 1o virulence factors from P. gingivalis.

WPB exocylosis induces release of storage compounds and
may control local or systemic physiological and pathological
effects, including leukocyte rolling, thrombus formation, vascu-
lar inflammation and angiogenesis. Storage components of
WPBs have various vasoregulatory activities. We demonstrated
that Ang-2 could regulate endothelial response to P. gingivalis
(Fig. 4C). Ang-2 has been identified as a functional antagonist
of Ang-1. Ang-2 sensitizes endothelial cells to TNF-a, thereby
acting as a switch of vascular responsiveness towards inflamma-
tory stimuli [16]. It has been suggested that diabetes, an impor-
tant risk factor for periodontal disease, induces increase in
Ang-2 transcription and expression [28]. Thus, Ang-2 released
from WPBs may be an important determinant of the severity of
periodontal diseases caused by P. gingivalis infection.

QOur study proposes that P. gingivalis infection can modulate
inflammatory responses of vascular endothelial cells through
release of gingipains (Fig. 5). Such an effect may have a crucial
role in the initiation and regulation of periodontitis.
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Genomic analysis of Mycoplasma pneumoniae revealed the existence of a large number of putative lipoprotein
genes compared with the numbers in other bacteria. However, the pathogenic roles of M. pneumoniae lipopro-
teins are still obscure. In this study, we synthesized a lipopeptide (designated M. pneumoniae paralogouns
lipoprotein 1 [MPPL-1]) in which an S-dipalmitoylglyceryl cysteine was coupled to a peptide with a
consensus sequence of a putative paralogous lipoprotein group characteristic of M. pneumoniae. The
cytokine-inducing activity of MPPL-1 in human monocytic cells was much weaker (—-700-fold weaker) than
that of the known mycoplasmal S-dipalmitoylated lipopeptide FSL-1 or MALP-2. MPPL-1 required
Toll-like receptor (TLRZ) to activate NF-xB-dependent gene transcription in HEK293 cells, although a
1,000-fold-larger amount of MPPL-1 was needed to exert activity similar to that of FSL-1 in the cells.
TLR2-mediated recognition of MPPL-1 was synergistically upregulated by TLR6 but not by TLRI or
TLRI10, although the activity was still weak. In addition, MPPL-1 did not antagonize FSL-1 recognition in
human monocytic cells and TLR2/TLR6-expressing HEK293 cells. Thus, these results suggest that there
is preferential selective recognition of diacylated lipopeptides due to the magnitude of an affinity with
TLR2 and TLR6 and the roles of increased paralogous lipoprotein genes of M. pneumoniae in evasion of

TLRZ recognition.

Membrane-bound lipoproteins are thought to play impor-
tant roles in the survival of bacteria through four main func-
tions: a structural function, a transport function, an adhesion
function, and an enzymatic function (7). Many lipoproteins
have been identified in various species of bacteria and have
been shown to comprise a framework structure containing a
lipidated N-terminal cysteine residue coupled to distinct
polypeptides. The maturation of bacterial lipoproteins gener-
ally comprises three steps; the first step involves diacylglyceryl
modification of a cysteine residue by diacylglycerol transferase,
the second step involves cleavage of the leader peptide by
signal peptidase II, and the final step involves N acylation of
the N-terminal diacylglyceryl cysteinyl residue, with which li-
poproteins are synthesized as triacylated lipoproteins (7). It
has also been shown that lipoproteins derived from Rhodo-
pseudomonas viridis and several mycoplasmal species do not
undergo modification in the final step and are synthesized as
diacylated lipoproteins (7).

In contrast to their crucial functions in the survival of bac-
teria, bacterial lipoproteins act as pathogenic substances to
stimulate the immune systems of humans and animals through
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the recognition receptors that monitor exogenous pathogens
(3). Toll-like receptors (TLRs) are central pattern recognition
receptors of the innate immune system that recognize a wide
range of invading microorganisms through conserved chemical
structures in their cells (34). TLR2 is essential for mediation of
immune responses to the most diverse set of molecular struc-
tures of microbes, including peptidoglycans, lipoteichoic acids,
porins, lipoarabinomannans, and lipoproteins/lipopeptides (21,
34). TLR2 forms heteromers with either TLR1 or TLR6, prob-
ably to discriminate the structures of molecular patterns, es-
pecially the N-terminal lipidated cysteinyl portions of bacterial
lipoproteins as active sites (4, 29). TLR1 and TLR6 have been
reported to be involved in simple discrimination of the dif-
ference between triacylated and diacylated lipoproteins/
lipopeptides (36, 37). However, recent arduous work by
several study groups has shown that such diverse potentials
of TLR1 and TLRé6 are largely dependent on more subtle
structures of lipoproteins/lipopeptides, such as the length of
an N-terminal fatty acid chain, the chirality of the central
carbon of the diacylglycerol, and the charge of the C-termi-
nal amino acids (5, 6, 28). It has been suggested that in
addition to TLR1 and TLR6, TLR10, which is not encoded
in the murine genome, is related to TLR2 recognition be-
cause of its sequence similarity and the possibility that it
forms a heteromer with TLR2 (8, 12),

Mycoplasmas are microbes in regressive evolution and differ
from other microbes in many respects. For example, they com-
pletely lack a cell wall, and their bilipid membrane is therefore
the only structure that regulates interactions with the external
environment (31). Some mycoplasmas cause severe respira-
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tory, arthritic, and urogenital diseases in humans and animals.
Mycoplasma pneumonige is a human pathogen that causes
“atypical pneumonia,” particularly in older children and young
adults (38). The genome size of M. pnewmoniae is ~~820 kb, and
the genomic sequence has been completely analyzed (13, 14).
Interestingly, a large number of putative lipoprotein-encoding
genes have been identified in the genome (46 of 689 genes;
6.68%) compared with the numbers of such genes in the ge-
nomes of other microbes, such as Escherichia coli K-12 (22 of
4,243 genes; 0.52%) and Bacillus subiilis (26 of 4,105 genes;
0.63%) (7). Even in the closely related sister species Myco-
plasma genitalium, only 21 putative lipoproteins (encoded by
477 genes; 4.4%) could be found. Despite the existence of such
genetic data, little is known about the roles of lipoproteins in
M. pneumoniae pathogenicity, although there has been
much interest in the pathogenic roles of membrane lipopro-
teins of other mycoplasmal species during infection because
of their diverse functions, including adherence to host cells,
antigenic variation, and TLR2- and TLR6-mediated immu-
nostimulation (30).

In this study, we attempted to synthesize a lipopeptide
having an §-(2,3-bispalmitoyloxypropyl)-cysteine residue
coupled to an N-terminal consensus peptide of M. pneu-
moniae-specific lipoproteins encoded by paralogous genes.
Interestingly, the level of immunostimulatory activity of this
lipopeptide was much lower than that of the known myco-
plasmal lipopeptide MALP-2 or FSL-1 despite the structural
uniformity. We also investigated the recognition of this li-

popeptide by TLRs.

MATERIALS AND METHODS
P som of hdie 1t

popeptid ynihetic lipopeptides FSL-1 and
MALP-2 were prep described previously (17), 5-(2.3-bisacyloxypropyl)-
cyst:hwl‘I‘GIQADLRm.IK.“ d M. | i
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pyl)-ﬂrhodﬁmlwm;ﬂ,-d:mlhylfmmldn solvent l)stum The 9—Bw:myl

mhutycubm)lmdmsmwum i from the i fe by using trifiu-
ic acid. The lipopeptide was ‘manLi:mid.lyuphﬂiwd.

and purified by preparative high-pressure fiquid chromatography with a re-
versed-phase C,y column (30 by 250 mm). The level of purity of the lipopeptide
was confirmed by analytical high-pressure liquid chromatography with a re-
versed-phase C,y column (4.6 by 150 mm) to be 96%. All of the lipopeptides
were used without separation of the S-form and R-form sterecisomers, The
lipopeptides were dissolved in phosphate-buffered saline containing 10 mM
n-octyl-B-gh ide at 0.5 mM and stored at —B0°C until
Iheymnnm{

Cell eulture. Dulbecco modified Eagle medium, RPMI 1640 medium, penicil-
lin G, streptomycin, and trypsin-EDTA were obtained from Sigma. Human
mnumlculllhwﬁ!?lwucuhmudmk?hﬂlﬂﬂmedhmudmﬂ:ed

ly (19). H L ,wthmmummmmrbm
modified Esgle medium a3 ibed previously (18).

Determination of IL-6 and IL-§ by enzyme-linked immunosorbent assays
lEl.lSAJAwdixlwmluhmﬂmdam{urlzhwhmm
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m)mmmunmﬁnmmwmmu
Wandlurmmlbﬂcymulﬂmmm},mpmm according to the

ions of the facturer Tbermt!uduuibcdbﬁunmreprmmm
of three separate experiments, and the data are exp i as means and J
deviations.

DNA cloning. Plasmids encoding human TLR1, TLRZ, and TLR6 have been
deseribed previously (18). Human TLR10 cDNA was obtained by reverse tran-

INFECT. TMMUN,

scription-PCR of RNA isolated from human umbilical vein endothelial cells and
then cloned into a pEF6 vector (Invitrogen). The DNA seq WEre con-
firmed by the dideoxy chain terminath hod by using an ABI Prism 3100
genetic analyzer.

Luciferase reporter geoe assay. HEK293 cells were plated at a concentration
of 0.5 x 10° cells per well in 24-well plates before transfection. The ceils were
transiently transfected with an NF-xB-driven firefly luciferase reporter plasmid
(pNF-xB-Luc; Stratagene) and a construct directing expression of Remilla lucif-
erase under the control of a ly active thymidine kinase g
(pRL-TK: Promega) together with TLR ling pi 5. After 24 h of incu-
bation, the cells were stimulated for 6 h with MPPL-1 or FSL-1 in media
containing 1% fetal bovine serum. Then the cells were lysed, and the luciferase
activity was measured using the Dual-Luciferase reporter assay system (Pro-
mega) fing to i ions of the i . The results below, ex-
preuedudxmummdmndudchvhtiomolnhufnrmplmwdhm
representative of three sep iments. The experi using HEK293
uthmﬁymmzmmmnwm(m)

d by

Statistics. All values were eval istical analysis using Student-
Newman-Keul's test. Diffl were idered to be Ily significant at
a P value of <0.05.

RESULTS

Preparation of MPPL-1. Himmelreich et al. reported that 46
protein genes were identified as genes encoding putative li-
poproteins in the M. pneumoniae M129 (=ATCC 29342) ge-
nome based on the following characteristic lipoprotein-specific
features: (i) the presence of one or more basic amino acids
among the first five to seven amino acids of the N terminus, (ii)
the presence of a hydrophobic signal peptide, and (iii) the
presence of a cysteine residue immediately downstream of the
signal peptide (13). However, we found that 48 proteins had
these lipoprotein signatures. The N-terminal lipoprotein moieties
of all putative lipoproteins are shown in Table S1 in the supple-
mental material. The amino acid sequences of these lipoproteins
are included in the data at a website (http://www.ncbi.nlm
.nih.gov/entrez/query fcgi? CMD=search& DB=genome), and the
protein designations were based on the MPN numbering
scheme described by Himmelreich et al. (13). Importantly,
many of these putative lipoproteins have recently been confirmed
to be functionally expressed in the microorganism (11, 33, 39). In
addition to 48 putative lipoproteins, there are several proteins
with high levels of similarity to the lipoproteins without the li-
poprotein signature at the N terminus (13), but we did not include
these proteins in the list.

Comparison of 30 amino acids of N-terminal lipoprotein
moieties revealed that the M. pneumoniae lipoproteins include
members of seven subgroups, which are probably groups of
paralogous lipoproteins (see Table 51 in the supplemental
material). We focused on group 1 composed of MPNO11,
MPNO54, MPN271, MPN369, MPN411, MPN467, MPN650,
and MPNG654 because the N-terminal sequences of these pu-
tative lipoproteins could not be identified by a BLAST search
in other known organisms, even the sister species M. geni-
talium, suggesting that the lipoprotein genes were propagated
uniquely in the evolution of this microorganism. The sequence
of MPN505 is also very similar to the sequences of these
lipoproteins, but MPN505 lacks the lipoprotein signature. Im-
portantly, the study of Hallamaa et al. showed that there was
expression of mRNAs for all group 1 lipoproteins and the
detectable proteins MPN271, MPN411, and MPN650 (11).
Comparison of N-terminal sequences of these lipoproteins
revealed that the levels of similarity of MPN271, MPN369,
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FIG. 1. Synthesis of MPPL-1. (A) Alignment of putative paralogous lipoproteins. The N-terminal sequences of MPNO11, MPN054, MPN2T1,

MPN369, MPN411, MPN467, MPN650, and MPN654 were compared. The cy

indicated by an asterisk. (B) Structure of MPPL-1.

MPN411, MPN467, and MPN654 are particularly high (Fig.
1A). These putative lipoproteins have a characteristic fea-
ture; namely, the C-terminal amino acid residue flanking the
cysteine residue immediately downstream of the signal pep-
tide is threonine, although the corresponding amino acid of
common bacterial lipoproteins is glycine, alanine, or serine.

To analyze the pathological roles of this paralogous lipopro-
tein group, we attempted to synthesize a lipopeptide having an
N-terminal sequence common to these lipoproteins. The re-
sults of previous work suggested that synthetic lipopeptides
with original peptide sequences with more than 10 amino acids
could mimic the immunostimulatory activity of natural lipopro-
teins (24, 27, 32). Therefore, we determined that the partial
consensus sequence of MPN271, MPN369, MPN4l1l,
MPN467, and MPN654 is TGIQADLRNLIK, which should
couple to an S-dipalmitoylglyceryl cysteine. The structure was
chemically synthesized using a method similar to the method
used for synthesis of known mycoplasmal lipopeptides de-
scribed previously (17, 32), and the protein was designated
MPPL-1 (Fig. 1B). All of our preparations of mycoplasmal
lipopeptides were synthesized as mixtures of the 5-form and
R-form stereoisomers.

Immunostimulatory activity of MPPL-1. To investigale the
immunostimulatory activity of MPPL-1, we examined the in-
duction of cytokine production in human monocytic THP-1
cells, comparing the activity of MPPL-1 with the activities of
two synthetic mycoplasmal lipopeptides. MALP-2 (S-dipalmi-
toylglyceryl CGNNDESNISFKEK) derived from Mycoplasma
fermentans was first identified and characterized by Miihlradt's
group as a compound that can activate macrophages even at
picomolar concentrations (24). FSL-1 (S-dipalmitoylglyceryl

residue i diately downstream of the signal peplide is

CGDPKHPKSF) derived from Mycoplasma salivaniuum has re-
cently been characterized by our group as a potent immunos-
timulatory compound, whose activity has been proposed to be
stronger than that of MALP-2 (16, 17, 27). MPPL-1 could
induce production of IL-8 in a dose-dependent manner at a
concentration of =10 nM, whereas FSL-1 and MALP-2 could
induce the production of IL-8 at picomolar concentrations
(Fig. 2A). To induce a level of IL-8 production similar to the
level induced by 1 nM FSL-1, a 300-fold-higher concentration
of MPPL-1 was required (Fig. 2A). Moreover, similar weak
activity of MPPL-1 was also observed when [L-6 production in
THP-1 cells was examined (Fig. 2B). In this case, the concen-
tration of FSL-1 needed to induce a level of IL-6 production
similar to that induced by 1 uM MPPL-1 was 700-fold lower
(Fig. 2B). Thus, the immunostimulatory activity of MPPL-1 is
much weaker than the activities of structurally similar lipopep-
tides.

TLR recognition of MPPL-1. It has been shown that FSL-1
and MALP-2 stimulate human cells via recognition by TLR2
and TLR6 (26, 27, 35). We first examined whether MPPL-1
was recognized by TLR2 using HEK293 cells intrinsically lack-
ing expression of TLR2 and responsiveness to TLR2 ligands
(1). MPPL-1 could not stimulate parental HEK293 cells at
concentrations ranging from 100 fM to ~10 pM (data not
shown) but could stimulate the cells stably transfected with
TLR2, leading to induction of NF-xB activation, in a dose-
dependent manner (Fig. 3A). Therefore, MPPL-1 recognition
was completely dependent on TLR2 in the same way that
FSL-1 and MALP-2 recognition was. However, an approxi-
mately 1,000-fold-higher concentration of MPPL-1 was re-
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FIG. 2. Cytokine-inducing activity of MPPL-1. A total of 1 x 10°
THP-1 cells were stimulated for 12 h with the concentrations of
MPPL-1, FSL-1, and MALP-2 indicated. Then the amounts of IL-8
(A) and 1L-6 (B) released into the media were determined by ELISA.
The results are representative of three separate experiments, and the
data are means and standard deviations.

quired for activity similar to that of FSL-1 in TLR2-expressing
HEK293 cells (Fig. 3A).

We further investigated the requirement for TLR1, TLRS,
and TLR10 for recognition of MPPL-1, since TLR2 has been
shown to form not only a homomer but also heteromers with
these TLRs (29). MPPL-1 could not activate HEK293 cells
transfected with TLR1, TLR#6, or TLRI10 alone (Fig. 3B). Sim-
ilarly, MPPL-1 could not activate cells transfected with a com-
bination of TLR1 and TLR6, TLR1 and TLR10, or TLR6 and
TLRI10 (Fig. 3B). Compared with the MPPL-1 activity in the
cells transfected with TLR2 alone, cotransfection of TLRG6
with TLR2 synergically augmented the activity of MPPL-1 in &
way similar to way observed with FSL-1, whereas cotransfec-
tion of TLR1 or TLR10 with TLR2 did not (Fig. 3B). Thus,
MPPL-1 is preferentially recognized by TLRZTLR6 in human
cells in a manner similar to the recognition of FSL-1 and
MALP-2,

Possibility of an antagonistic effect of MPPL-1 on TLR2
recognition. TLR4 recognition of E. coli lipopolysaccharide
can be antagonized by structurally similar compounds that
have weak TLR4-stimulating activities (9, 10, 23, 25). How-
ever, it is still not clear whether TLR2 recognition of lipopep-
tides can be antagonized by structurally similar compounds.
The results described above raise the possibility that MPPL-1
has an antagonistic effect on FSL-1 recognition by TLRY
TLR6, because MPPL-1 exhibits a much lower level of activity
than FSL-1 exhibits through recognition by TLRZTLR6. We
therefore examined the IL-6-producing activity of FSL-1 in the
presence and absence of a higher concentration of MPPL-1.

INFECT. IMMUN,
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FIG. 3. TLR usage of MPPL-1. (A) HEK293 cells stably trans-
fected with TLR2 were prepared and transiently transfected with an
NF-xB-driven firefly luciferase reporter plasmid. The cells were stim-
ulated for 6 h with the concentrations of MPPL-1 and FSL-1 indicated.
Then the cells were lysed, and the luciferase activity was measured.
The results, expressed as the means of values for triplicate wells, are
representative of three separate experiments. (B) HEK293 cells were
transiently transfected with an NF-xB-driven firefly luciferase reporter
plasmid together with the TLR-encoding plasmids indicated. The cells
were stimulated for 6 h with 1 WM MPPL-1 or 10 nM FSL-1. Then the
cells were lysed, and the luciferase activity was measured. The results,
expressed as means and standard deviations of values for triplicate
wells, are representative of three separate experiments. An asterisk
indicates that the P value was <0.05 for a comparison with the control

group.

IL-6 production induced by 1 or 10 nM FSL-1 was not altered
by the presence of 1 uM MPPL-1 (Fig. 4A). Moreover, the
presence of MPPL-1 was found to slightly increase the activity
of FSL-1 as determined by analysis of NF-kB activation in
HEK?293 cells (Fig. 4B), and this analysis was more sensitive
than an IL-6 ELISA with THP-1 cells. In addition, the MPPL-1
effect on FSL-1 recognition was not altered in the presence or
absence of TLR1, TLR6, or TLR10 cotransfection (Fig. 4B).
Similar results were oblained in experiments using MALP-2
(data not shown).

DISCUSSION

We have been interested in the immunostimulatory activity
of mycoplasmal diacylated lipoproteins/lipopeptides and the
pathological roles of these proteins in mycoplasmal infections.
So far, lipopeptides FSL-1 and MALP-2 have been identified
as potent immunostimulatory compounds (22, 24). In this
study, we synthesized lipopeptide MPPL-1 having a structure
common in mycoplasmal lipopeptides, an S-dipalmitoylglyceryl
cysteine residue coupled to a distinct peptide, which was
determined on the basis of paralogous lipoproteins charac-
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FIG. 4. Antagonistic effect of MPPL-1. {A) A total of 1 x 10°
THP-1 cells were stimulated for 12 h with 1 or 10 nM FSL-1 in the
presence or absence of 1 uM MPPL-1. Then the amounts of IL-6
released into the media were determined by ELISA. The results,
expressed as means and standard deviations, are representative of
three separate experiments. (B) HEK293 cells were transiently trans-
fected with an NF-xB-driven firefly luciferase reporter plasmid to-
gether with the TLR-encoding plasmids indicated. The cells were stim-
ulated for 6 hwith 1 nM FSL-1 in the presence or absence of 100 nM
MPFPL-1. Then the cells were lysed, and the luciferase activity was
measured. The results, expressed as means and standard deviations of
values for triplicate wells, are representative of three separate exper-
iments.

teristic of M. pneumoniae. The cytokine-inducing activity of
MPPL-1 in human cells was very weak compared with that
of FSL-1 or MALP-2. At a higher concentration, MPPL-1
could weakly stimulate cells via TLRZ/TLR6 recognition.
However, MPPL-1 could not antagonize FSL-1 recognition
by TLR2. These findings raised several important possibili-
ties for biclogical activities of mycopalsmal lipopeptides. as
discussed below.

Recent studies have revealed that the immunostimulatory
activity of bacterial lipoproteins is completely dependent on
the recognition and signal transduction by TLR2 that functions
together with several associated molecules. TLR6 has been
considered to be an essential participant in the discrimination
of mycoplasmal diacylated lipoproteins/lipopeptides by TLR2,
because MALP-2 recognition was impaired in macrophages
from TLRé-deficient mice (36) and was reduced by a blocking
antibody to TLR6 in human cells (26). However, Buwitt-Beck-
mann ct al found that C-terminal addition of SKKKK to the
peptide moiety of MALP-2 converted the MALP-2 recognition
by TLRZTLR6 into recognition by a TLR6-independent
mechanism (6). In addition, we previously reported that sub-
stitution of the C-terminal amino acid of FSL-1 (F 10 R)
greatly impaired the immunostimulatory activity (27). There-
fore, discrimination of diacylated lipopeptides by TLR2 and
TLR6 has been suggested to be dependent on the amino acid
sequence or structure of the peptide portion, although recog-
nition of the lipolyated cysteine residue may be dependent on
other molecules, such as CD36 (15). Furthermore, a recent
report suggested that TLR1 participates in the recognition of a
dipalmitoylated lipoprotein derived from M. pneumoniae
(MPN602) (33). In this study, MPPL-1 was shown to be rec-
ognized by TLR2 and TLR6 but not by TLR1 or TLRI10, as
observed for MALP-2 and FSL-1. We could not discern a role
for TLR10 in the recognition of mycoplasmal lipopeptides,
although it is possible that TLRI0 participates in accurate
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discrimination of bacterial lipoproteins/lipopeptides in human
cells.

It is possible that studies of TLR antagonists may lead to the
development of efficient therapeutic regulators of microbial
infection or excess inflammation. In this study, however,
MPPL-1 could not antagonize TLR2 recognition of FSL-1
(Fig. 4). The weak TLR2-stimulating activity of MPPL-1 raises
the possibility that the peptide moiety of MPPL-1 has a low
affinity for TLR6 but does not have an affinity for either TLR1
or TLRI10. This possibility may be supported by our results
showing that a small amount of FSL-1, which may have a
stronger affinity than MPPL-1 has, could be preferentially rec-
ognized by TLR2 and TLR6 more than a larger amount of
MPPL-1 could be recognized (Fig. 4). Moreover, our results
may provide strong evidence for different ligand recognition
mechanisms of TLR2 and TLR4, because TLR4 recognition of
lipopolysaccharide is known to be antagonized by structurally
similar compounds that have weak TLR4-stimulating activities
(9, 10, 23, 25). Further study is needed to determine the de-
tailed recognition machinery of mycoplasmal lipoproteins/
lipopeptides.

The magnitude of the immunostimulatory activity of bacte-
rial lipoproteins has been thought to be one of the crucial
factors for pathogenicity of bacteria (3) which may be involved
in the severity of host immune responses after bacterial infec-
tion. However, the presence of immunostimulatory com-
pounds on the surface of bacterial cells leads to efficient clear-
ance of bacteria through activation of immune cells, resulting
in great reductions in efficient propagation and colonization on
the host cell surface. To avoid activation of immune responses,
several pathogenic bacteria have been shown to modify their
surface molecules so they do not stimulate the TLR recogni-
tion system. For example, a- and e-Proteobacteria, including
Campylobacter jejuni, Helicobacter pylori, and Barionella bacil-
liformis, modify the N-terminal D1 domain of flagellin, leading
to evasion of TLRS recognition (2). Therefore, structural mod-
ification of pathogen-activated molecular patterns may be im-
portant for bacterial pathogenicity. However, it has not been
determined whether M. pneumoniae has the ability to evade
immune systems. So far, mycoplasmal lipoproteins/lipopep-
tides have been identified to determine strong activators of
immune cells in crude mixtures of lipoproteins obtained using
methods such as Triton X-114 phase separation (24, 32, 33). In
a recent study performed by Shimizu et al. (33), lipoprotein
MPN602, which may have the strongest activities in M. preu-
moniae lipoprotein mixtures, was identified by using a method
to separate the fraction that strongly stimulates 293T cells
transfected with TLR2 to activate NF-«xB (33). MPN602 does
not belong to a paralogous lipoprotein family, as shown in
Table S1 in the supplemental material. Interestingly, it was also
found that only a few lipoproteins possessed strong immuno-
stimulatory activities and that the majority of lipoproteins had
weak or no immunostimulatory activity (24, 32, 33). Consistent
with this possibility, only a few lipoproteins with potent immu-
nostimulatory activity have been identified so far, although
there are many lipoproteins in mycoplasmal species. These
observations suggest that the majority of lipoproteins of M.
pneumoniae, including paralogous lipoprotein family members,
have weak immunostimulatory activities. Moreover, our results
suggest that propagation of genes encoding lipoproteins with
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weak immunostimulatory activity may be an important factor 13
for the pathogenicity of M. pneumoniae through which the
microorganism may evade TLR2 recognition. Further detailed 14,
investigations of the functions and immunostimulatory activi-

ties of lipoproteins found in M. pneumoniae are needed 1o ¢
address this possibility.

The bacterial lipoprotein structure has been found to be a
lipidated (commonly palmitoylated) triacylated or diacylated
S-glyceryl cysteine residue coupled to distinct polypeptides.
However, the coupled peptide sequence has been shown lo
have a great effect on the immunostimulatory activity of the 7,
whole molecule. Therefore, synthesis and characterization
of lipopeptides based on the known lipoprotein sequencesof ¢
the N terminus may be an effective method for determining
unknown biological activities of bacterial lipoproteins.
Moreover, exhaustive screening of synthetic lipopeptides o
can lead to the identification of novel bacterial pathogenic-
ities and to the development of biologically beneficial com-
pounds or immune regulators. Also, it is possible that a 3
cognate ligand for TLR10 will be identified by screening of
these lipopeptides.
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The endothelial cell-specific granule Weibel-Palade body
releases vasoactive substances capable of modulating vascular
inflammation. Although innate recognition of pathogens by
Toll-like receptors (TLRs) Is thought to play a crucial role in
promotion of inflammatory responses, the molecular basis for
early-phase responses of endothelial cells to bacterial pathogens
has not fully been understood. We here report that human aortic
endothelial cells respond to bacterial lipoteichoic acid (LTA)
and synthetic bacterial lipopeptides, but not lipopolysaccharide
or peptidoglycan, to induce Weibel-Palade body exocytosis,
accompanied by release or externalization of the storage com-
ponents von Willebrand factor and P-selectin. LTA could acti-
vate rapid Weibel-Palade body exocytosis through a TLR2- and
MyD88-dependent mechanism without de novo protein synthesis.
This process was at least mediated through MyD88-dependent
phosphorylation and activation of phospholipase Cy. Moreover,
LTA activated interleukin-1 receptor-associated kinase-1-
dependent delayed exocytosis with de novo protein synthesis
and phospholipase Cy-dependent activation of the NF-xB path-
way. Increased TLR2 expression by transfection or interferon-v
treatment increased TLR2-mediated Weibel-Palade body exo-
cytosis, whereas reduced TLR2 expression under laminar flow
decreased the response. Thus, we propose a novel role for TLR2
in induction of a primary proinflammatory event in aortic endo-
thelial cells through Weibel-Palade body exocytosis, which may
be an important step for linking innate recognition of bacterial
pathogens to vascular inflammation.

The onset of inflammatory responses of vascular endothelial
cells plays crucial roles in recruitment of immune cells, throm-
bus formation, and development of vascular inflammation or
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atherosclerosis. Early endothelial activation involves dual phas-
es: rapid translocation of P-selectin to the endothelial surface
and slower synthesis and expression of adhesion molecules
such as ICAM-1 (intercellular adhesion molecule 1).* The for-
mer process is accompanied by rapid exocytosis of Weibel-
Palade bodies, which are endothelial cell-specific storage gran-
ules that contain vascular medulaters, including von
Willebrand factor (VWF), P-selectin, IL-8, eotaxin-3, endothe-
lin-1, CD63/lamp3, osteoprotegerin, and angiopoietin-2 (1, 2).
During Weibel-Palade body exocytosis, these proteins are
transported to the outside of the cell upon stimulation or vas-
cular damage and may control local or systemic pathobiological
effects, including thrombosis and atherogenesis. Regulated
Weibel-Palade body exocytosis is known to be initiated through
an increase of intracellular calcium level after stimulation with
various secretagogues, including calcium lonophores, throm-
bin, histamine, TNF-a, and extracellular ATP (1, 2).

Recently, excess innate immune responses of vessel walls or
endothelium to invading pathogens have been suggested to be
linked to atherogenesis. Several common bacterial infectious
agents or invasive pathogens, such as Chlamydia pneumoniae,
Helicobacter pylori, Porphyromonas gingivalis, and oral com-
mensal bacteria, have so far been detected in vessel walls or
atheroscrelotic lesions in humans (3, 4). However, the linkage
between artery endothelial innate recognition of such patho-
gens and inflammatory responses has not been fully elucidated.

For the detection of invasive bacteria in host defense, several
Toll-like receptors (TLRs) are employed to identify molecular
motifs that usually compose bacterial bodies (5). Among TLR
members in humans, TLR2 detects the widest range of com-
mon bacterial constituents, such as lipoteichoic acids (LTA),

*The abbreviations used are: ICAM-1, intercellular adhesion molecule 1
BAPTA-AM, 1,2-bis(2-aminophenoxylethane-NAN' N'-tetraacetic acid-
acetoxymethyl ester; FSL-1, synthetic S-dipalmit
derived from Mycoplasrna salivarium; HAEC, h aortic endothelial cell;
HUVEC, human umbilical vein endothefial cefl; IRAK, IL-1R-associated
kinase; LTA, lipoteichoic acid; MALP-2, synthetic S-dipalmitoyiglyceryl-
CGNNDESNISFKEK derived from Mycoplasma fermentans; Pam,CSK,, syn-
thetic N-paimitoyl-5-dipalmitoylglycery-CSKXKK derived from E. coli; PGN,

necrosis factor; TNFR, TNF receptor; TRAF, TNFR-associated factor; VWF,
von Willebrand factor; LPS, lipopolysaccharide; IL-1R, interleukin-1 recep-
tor; siiNA, small inlerference RNA; ELISA, enzyme-linked immunosorbent

assay; PL3K, phosphatidy itol 3-ki IFN, interferon.
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peptidoglycans (PGN), bacterial di- or triacylated lipoproteins
or lipopeptides, lipoarabinomannans, porins, and fimbriae
(5-8). TLR4 and TLR5 contribute to the recognition of only a
few bacterial components, ie. LPS and flagellin (9, 10). Because
TLR1 and TLR6 participate in the accurate discrimination of
molecular structures by TLR2 as coreceptors, several mole-
cules, including CD14, CD36, and LOX-1, further facilitate the
interactions of TLR2 with bacterial pathogens (5, 11, 12). After
recognition of cognate agonists, endothelial TLRs activate the
classic Toll/IL-1R signaling pathway utilizing MyD88 and
IL-1R-associated kinase (IRAK)-1, which ultimately activate a
TNFR-associated factor (TRAF) 6 complex and IxBs and the
release and translocation of active NF-«B to the nucleus. The
artery endothelial NF-«B signaling pathways downstream of
TLRs are thought to participate in the development of artery
inflammatory diseases or atherogenesis through the promotion
of the expression of a large number of proinflammatory medi-
ators and adhesion molecules (13-15). However, it is still not
known whether artery endothelial TLRs are primary initiators
or modulators of the diseases.

In this study, we investigated the early-phase proinflamma-
tory responses of human aortic endothelial cells (HAECs) to
bacterial cell wall constituents. We found that recognition of
bacterial constituents by TLRs, especially by TLR2 but not
TLR4, could activate Weibel-Palade body exocytosis. We fur-
ther investigated the involvement of MyD88 in regulation of the
cell response.

EXPERIMENTAL PROCEDURES

Reagents, Chemicals, and Antibodies—LTA and PGN from
Staphylococcus aureus and LPS from Escherichia coli O26:B6
were obtained from Sigma- Aldrich. Rough-form LPS from Sal-
monella minnesota R595 and flagellin from Salmonelia typhi-
murium strain 14028 were obtained from Alexis Biochemicals.
Pam,CSK, (16) was obtained from InvivoGen. Preparation of
FSL-1 and MALP-2 was described previously (17-19). A23187,
the cell-permeable calcium chelator 1,2-bis(2-aminophe-
noxy)ethane-N,N.N',N'-tetraacetic acid-acetoxymethyl ester
(BAPTA-AM), cycloheximide, and the phospholipase C (PLC)
v inhibitor U-73122 were purchased from Sigma. LY294002
was purchased from Calbiochem. Monoclonal antibodies to
human TLR2, TL2.1 (BD Biosciences), TL2.3 (eBioscience),
and IMG-319 (Immugenex), were purchased for a TLR2 block-
ing study and flow cytometry. Antibodies to PLCy1 and phos-
phorylated PLCyl (Y783) were obtained from Cell Signaling
Biotechnology. All other reagents were obtained from Sigma-
Aldrich unless otherwise indicated.

DNA Cloning—A human TLR2-encoding plasmid was pre-
pared as described previously (17). The dominant negative
TLR2 (P681H) was constructed using a QuikChange II site-
directed mutagenesis kit (Stratagene) according to the manu-
facturer’s instructions.

Cell Culture and Transfection of siRNA—HEK293 cells and
human monocytic THP-1 cells were grown as described previ-
ously (20). HAECs and HUVECs were grown in endothelial
growth medium-2 (Camblex) as described previously (21).
These endothelial cells were used for experiments from pas-
sages 4 to 8. All of the gene-specific siRNA oligonucleotides for
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human TLR1, TLR2, TLR6, MyD88, and IRAK-1 and a control
oligonucleotide were purchased from Dharmacon. Although
the sequences were not provided by the manufacturer, signifi-
cant suppressive effects on the respective gene expression could
be confirmed by reverse transcription-PCR compared with the
control transfection (data not shown). For the transfection of
siRNA, confluent HAECs or HUVECs seeded on 6- or 24-well
plates were prepared and washed once with Opti-MEM |
medium (Invitrogen), Transfection of siRNAs (100 nm) was
performed with Lipofectin reagent (Invitrogen) as instructed by
the manufacturer. Toxi-Blocker transfection supplement
(TOYOBO) was used to prevent cytotoxicity of lipofection
reagents. After 12 h of incubation, culture media were changed
to endothelial growth medium-2 media, and incubation was
continued for 24 h.

Luciferase Reporter Gene Assay—HEK293 cells stably trans-
fected with human TLR2 gene (or mock control vector) were
plated at 5 X 10* cells/well in 24-well plates before DNA trans-
fection. The cells were transiently transfected with 50 ng of an
INF-xB-driven firefly luciferase reporter plasmid (pNF-xB-Luc,
Stratagene) and 5 ng of a construct directing expression of
Renilla luciferase under the control of a constitutively active
thymidine kinase promoter (pRL-TK, Promega). After 12 h of
incubation, the cells were transfected with 100 nm siRNA oli-
gonucleotide for MyD88 (or glyceraldehyde-3-phosphate
dehydrogenase control), Toxi-Blocker transfection supple-
ment was used to prevent cytotoxicity of lipofection reagents,
Aftera further 24 h of incubation, the cells were stimulated with
TLR2 agonists in media containing 1% fetal bovine serum for
6 h. Then the cells were lysed, and luciferase activity was meas-
ured as described previously (17, 20).

Determination of VWF, IL-8, and TNF-« by ELISA—HAECs
were grown on 24-well plates, then washed and placed in 200 ul
of Opti-Mem I (Invitrogen) containing 1% fetal bovine serum
without growth factors, and stimulated with various concentra-
tions of TLR2 agonists for 60 min. The amount of VWF released
into the medium was measured by a VIWF ELISA kit (American
Diagnostica) according to the manufacturer’s instructions.
Results are representative of three separate experiments and
expressed as means = S.D. To clarify the mechanism by which
TLR2 induces VWTF exocytosis, HAECs were pretreated for 30
min with 10 um U-73211 and then stimulated with LTA for 60
min. For other experiments, HAECs were pretreated with 10
pmM BAPTA-AM for 30 min or 10 ng/ml IFN-vy for 12 h or
precultured with CaCl,-free DMEM for 1 h. To determine the
amounts of IL-8 released, HAECs were grown on 96-well plates
and then washed and placed in 200 ul of Opti-Mem I (Invitro-
gen) containing 1% fetal bovine serum and stimulated for 4 h
with various concentrations of TLR2 agonists. The amounts of
IL-8 released into the media were measured by human IL-8
Cytoset (Invitrogen) according to the manufacturer’s instruc-
tions. THP-1 cells (1 X 10%) were stimulated for 6 h with various
concentrations of TLR2 agonists. The amounts of TNF-a
released into the media were measured by human TNF-a Cyto-
set (Invitrogen) according to the manufacturer’s instructions.
Results are representative of three separate experiments and
expressed as means = S5.D.
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Adhesion Assay—Confluent HAECs seeded on 24-well plates
were treated with 10 pg/ml LTA for 60 min. The culture
medium was then removed, and monocytic THP-1 cells (2.5 X
10°) prelabeled with Alexa564-conjugated concanavalin A were
added to the culture. Cells were then allowed to adhere for 30
min on a rocking platform. After two washes with phosphate-
buffered saline, fluorescent images were immediately obtained
by a fluorescent microscope IX71 with DP70 image capture
(Olympus) and processed using Adobe Photoshop, version 7.0.
Adhesion of red fluorescent cells was quantified in three fields
per well. Results are representative of three separate experi-
ments and expressed as means = 5.D.

Immunofluorescence of VWF—Confluent HAECs were
treated with 10 pg/ml LTA or 10 um A23187 for 60 min. The
culture media were removed, and the cells were immediately
fixed at =20 *C with methanol for 60 min. Immunostaining was
carried out using an anti-VWF rabbit polyclonal antibody
{Santa Cruz Biotechnology, Santa Cruz, CA) and Alexa488-
conjugated secondary antibody (Invitrogen). Cell nuclei were
also stained with 2.5 pug/ml Hoechst 33342 for 30 min. Images
were obtained by a fluorescent microscope IX71 (magnifica-
tion: X40) with DP70 image capture (Olympus) in the presence
of the Prolong Gold Antifade reagent (Invitrogen) and pro-
cessed using Adobe Photoshop, version 7.0 (Adobe). Results are
representative of three separate experiments.

Immunoblot Analysis—Confluent HAECs seeded on 60-mm
plates were transfected with gene-specific siRNA and incu-
bated in Opti-Mem | media containing 5% fetal bovine serum
for 4—6 h. The cells were stimulated with 1 pg/ml LTA for
0-60 min and lysed with a buffer consisting of 20 mm Tris-
hydrochloride (pH 7.2), 150 mm sodium chloride, 5 mm EDTA,
and 1% Triton X-100 in the presence of protease inhibitors
(Roche Applied Science) at 4 °C for 15 min followed by clarifi-
cation by centrifugation at 12,000 X g for 10 min. SDS-PAGE
and immunoblot analyses were performed as described previ-
ously (17, 20). Results are representative of three separate
experiments.

Flow Cytometry—To assess the surface expression of P-selec-
tin, confluent HAECs were treated with 10 pg/ml LTA for 30
min. To assess the surface expression of TLR2, confluent
HAECs or HUVECs were treated with 10 ng/ml IFN-vy or they
were incubated for 12 h under laminar flow. Cell culture under
laminar flow was performed with a cone and plate apparatus as
described previously (22). Magnitude of the flow was controlled
at ~15 dyn/cm?. The cells were then removed with phosphate-
buffered saline containing 20 mm EDTA and fixed with phos-
phate-buffered saline containing 4% paraformaldehyde at 4°C
for 60 min. The cells were then incubated at 4 *C for 60 min with
anti-TLR2 monoclonal antibody (IMG-319), anti-P-selectin
monoclonal antibody (BD Biosciences), or isotype-matched
mouse [gG and then with fluorescein isothiocyanate-conju-
gated anti-mouse IgG. Fluorescence was measured using a
FACSCalibur (BD Biosciences).

Statistics—All values were evaluated by statistical analysis
using one-way analysis of variance and Student-Newman-
Keul's test. Differences were considered to be statistically sig-
nificant at the level of p < 0.05.
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FIGURE 1. M t Weibel-Palade body exocytosis by bacte-

rial constituents. A, HAECs stimulated with 10 ug/ml LTA or 1 um A23187 for
60 min were fixed and stained immunoflucrescently with anti-VWF antibody
(green) and with Hoechst33342 (blue). Left, unstimulated; middle, stimulated
with LTA; right, stimulated with A23187. B, HAECs were stimulated with 1
ug/ml LTA or 1 um A23187 for the indicated periods. The amounts of VWF
released into the media were measured by ELISA. Each value Is the mean =
5.D. (n = 3). C, HAECs transfected with MyD88 or IRAK1-specific or control
siRNA were prepared. Cells were pretreated with 10 wg/ml cycloheximide for
30 min and then washed and stimulated with 10 ug/ml LTA for 60 min or 4 h.
The amounts of VWF released into the media were measured by ELISA. Each
value is the mean + 5.D. (n = 3). * versus control group, p < 0.01. D, HAECs
transfected with MyD88-specific or control siRNA were stimulated with E coff
LPS D26:86 (0.01-1 ug/ml), LPS from 5. minnesota (0.01-1 ug/mi), flagellin
fram S. typhimurium (0.1-10 ug/mil), LTA from S. aureus (0.1-10 pg/ml), PGN
from 5. aureus (0.1-10 pg/mli), Pam,CSK, (0.1-10 pg/mi), FSL-1 (D.01-1
ug/ml), MALP-2 (0.01-1 pg/mi), and A23187 (0.1-10 pm) for 60 min, and then
the amounts of VWF released into the media were measured. Each value is the
mean = 5D.(n = 3).

RESULTS

Induction of Weibel-Palade Body Exocytosis by Bacterial
Constituents—We first examined whether bacterial LTA activated
degranulation of Weibel-Palade bodies, because LTA has been
reported to stimulate vascular endothelial cells, leading to induc-
tion of production of proinflammatory mediators, dysfunction, or
cell death (23-25). After stimulation of HAECs for 30 min, LTA
clearly decreased the amount of Weibel-Palade bodies, stained
with an antibody to VWF, in the cells (Fig. LA). Compared with the
calcium ionophore (A23187)-induced response, we found that
LTA gradually activated Weibel-Palade body exocytosis, quantifi-
cation of which was performed by measuring the amount of VWF
released into the media (Fig. 18). VWF release by stimulation with
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LTA for 60 min was not suppressed by treatment with the protein
synthesis inhibitor cycloheximide, whereas the release by stimula-
tion with LTA for 4 h was significantly suppressed by the treat-
ment (Fig. 1C). We further investigated whether LTA induction of
exocytosis was mediated through MyD88 and IRAK-1, common
signaling molecules downstream of TLRs, because LTA is known
as a TLR2 agonist. Interestingly, VWF release by stimulation with
LTA for 60 min was suppressed by knockdown of the expression of
MyD88 but not that of IRAK-1, whereas the release by stimulation
with LTA for 4 h was significantly suppressed by each knockdown
of MyD88 and IRAK-1 (Fig. 1C). Thus, these results suggest that
LTA can induce Weibel-Palade body exocytosis througha MyD88-
dependent rapid mechanism without de novo protein synthesis
and an IRAK-1-dependent slower mechanism with de novo pro-
tein synthesis.

We also examined whether other bacterial cell wall constit-
uents, as shown in Table 1, activated induction of VWF release
after stimulation of HAECs for 60 min. Among the compounds
that we tested, the synthetic analogs of bacterial lipoproteins
Pam,CSK,, FSL-1, and MALP-2 and, toa lesser extent, flagellin
induced VWT release in a dose-dependent manner (Fig. 1D,
left). Interestingly, LPS from different bacterial species and
PGN did not activate Weibel-Palade body exocytosis (Fig. 1D,
left). In addition, we found that induction of exocytosis by bac-
terial compounds was also mediated by MyD88 as well as that
by LTA (Fig. 1D, right). These results suggest that several types
of, but not all, bacterial cell wall constituents can activate
induction of TLR-MyD88-mediated exocytosis.

TABLE1
Bacterial cell wall constituents used in this study
TLR recognition
Substance Origin (Ref.) in
human cells (Refl.)
LTA S. aureus TLR2(7)
LPS E coli TLR4 (10)
LPS 8. minnesota TLR4 (10)
Flagellin S typhimurium TLRs (9)
PGN S aureus TLR2(8)
Pam,CSK, Synthesis (E coli) (16) TLR1/TLR2 (41)
FSL-1 Synthesis (M. salivarium) (18) TLR2/TLRS (17)
MALP-2 Synthesis (M. fermentans) (19) TLR2/TLRS (55)

A

Control siRNA

Count
10 1% 20 Z W
10 15 20 25 30

-0 3

P-selectin

FIGURE 2. MyD88-dependent P-selectin externalization by LTA. A, HAECs transfected with MyD&8-specific
or control siRNA were stimulated with 10 ug}rnl LTA for 60 min, and then surface P-selectin was detected by
qr d with LTA. B, HAECs transfected with
fic or control sIHNA were stimulated with 10 ug/mi LTA for 60 min, and monocytes stained with
conA-Alexa594 were then allowed to adhere for 20 min. Adhesion of red fluorescent cells was quantified in
three fields per well by using an image analysis system. Each value Is the mean = 5.0.(n = 3).*, p < 0.01.

flow cytometry. Shaded hi , not stimulated; gray, stimul

MARCH 16, 2007 -VOLUME 282-NUMBER 11

vy

MyD88 siRNA B

TLR2 Mediates Weibel-Palade Body Exocytosis

Regarding the process of Weibel-Palade body exocytosis, we
found that MyD88-dependent externalization of P-selectin was
induced after stimulation of HAECs with LTA for 30 min (Fig.
24). In addition, monocyte adhesion to HAECs was modestly
increased in a MyD88-dependent fashion after LTA stimula-
tion for 60 min (Fig. 28),

Stimulatory Activities of LPS and PGN in HAECs—As stated
above, LPS did not activate Weibel-Palade body exocytosis (Fig.
1D). However, LPS potently activated induction of MyD88-de-
pendent IL-8 production in HAECs after stimulation for 4 h (Fig.
34). Thus, the results shown in Figs. LD and 3A suggest that endo-
thelial TLR4 lacks the ability to induce rapid Weibel-Palade body
exocytosis without de novo protein synthesis. Similarly to LPS,
PGN did not activate Weibel-Palade body exocytosis (Fig. 1D).
Also, PGN did not induce IL-8 production after stimulation for4 h
in HAECs, whereas LTA did (Fig. 34). However, our preparation
of PGN had activities to induce TNF-a production in THP-1
monocytes (Fig. 3B) and TLR2- and MyD88-dependent activation
of NF-xB in HEK293 cells (Fig. 3C) in a way similar to that in the
case of other TLR2 agonists. These results suggest that HAECs
lack the ability to respond to PGN.

Induction of Weibel-Palade Body Exocytosis through TLR2—
We then focused on LTA- and bacterial lipopeptide-induced
Weibel-Palade body exocytosis. It has been reported that LTA
and bacterial lipopeptides are TLR2 agonists (Table 1). In
HUVECs, the lipopeptide FSL-1 induced VWF release (Fig. 44).
We found that this response was enhanced by increased expres-
sion of TLR2 by gene transfection (Fig. 44). This result suggests
that TLR2 recognition of bacterial constituents directly acti-
vates Weibel-Palade body exocytosis. Moreover, transfection of
mutated TLR2 (P681H), which lacks the ability to interact with
MyD88 (26), suppressed the release (Fig. 4B8), consistent with
the results presented in Figs. 1D and 24 showing that MyD88
was involved in the induction of Weibel-Palade exocytosis. In
HAECs, knockdown of TLR2 expression resulted in almost
complete suppression of VWF release by Pam,CSK,, FSL-1,
MALP-2, and LTA (Fig. 4B). Moreover, knockdown of TLR6
expression resulted in a decrease in the activities of LTA, FSL-1,
and MALP-2 and even that of Pam;CSK, (Fig. 4B). In contrast
to this, TLR1 interference did not affect VWTF release (Fig. 48),
consistent with our observation that
HAECs express very low levels of
TLRI mRNA compared with the
levels of TLR2Z mRNA (data not
shown), These results suggest that
endothelial recognition of patho-
gens by TLR2, or to a lesser extent
by TLR6, contributes to induction
of Weibel-Palade body exocytosis.

- Involvement of PLCy Activation
K in Weibel-Palade Body Exocytosis—
Recent studies have shown that
TLR2 signal transduction results in
an increase of intracellular calcium
level (27, 28). Indeed, we found that
the intracellular calcium chelator
BAPTA-AM suppressed LTA-in-
duced exocytosis (Fig. 5A4). We
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FIGURE 3. Stimulatory activities of LPS and PGN in HAECs, A, HAECs trans-
fected with MyD88-specific or control siANA were stimulated with LTA
(0.1=10 pg/ml), PGN {0.1~10 pg/mi), and LPS (1-100 ng/m} for 4 h, and then
the amounts of IL-8 released into the media were measured. Each value is the
mean = S.0. (n = 3). B, THP-1 cells were stimulated with PGN (0.1-10 pg/mil),
LTA (0.1-10 ug/ml), and FSL-1 (10-1 pg/mi) for 6 h, and then the amounts of
TNF-a released into the media were measured. Each value is the mean = 5.0,
{n = 3). C, HEK293 cells stably expressing TLR2, and control cells were pre-
pared and then transfected with MyD88-specific siRNA and NF-xB-driven
luciferase gene. The cells were stimulated with Pam,CSK, (0.1-10 ug/mi),
FSL-1 (0.01-1 wg/ml), MALP-2 (0.01-1 pg/mi), LTA (0.1-10 ug/mi), PGN
(0.1-10 pg/mi}, and LPS (1-100 ng/mi) for 6 h, and then luciferase activity was
measured, Each value is the mean = S.D.(n = 3).

therefore examined the role of PLCy, a common regulator of
intracellular calcium release by generating inositol 1,4,5-
triphosphate (29), during TLR2-mediated Weibel-Palade body
exocytosis. We found that the PLCy inhibitor U-73122 signifi-
cantly suppressed TLR2 agonist-induced VWF release (Fig.
5B). Because PLCy isoforms are thought to be activated by
phosphatidylinositol 3,4,5-trisphosphate, the product of phos-
phatidylinesitol 3-kinases (P13Ks) (29), TLR2-mediated exocy-
tosis was suppressed by the chemical inhibitor of PI3K
LY294002 (data not shown). However, downstream of TLR/IL-
1R, activation of PI3K is regulated through a MyD88-independ-
ent machinery (30), conflicting with our results showing that
Weibel-Palade body exocytosis requires MyD88 (Figs. 1D and
2A). Because enzymatic activity of PLCy Is also regulated by
tyrosine phosphorylation (31), we tested whether this event was
mediated by MyD88. Phosphorylation of PLCy1 at the Tyr-738
residue was induced by LTA stimulation (Fig. 5C). Interest-
ingly, this activity was efficiently suppressed by knockdown of
MyD88 expression but not by knockdown of IRAK-1 expres-
sion (Fig. 5C). MyDB8-dependent activation of PLCy was also
observed in TLR2-overexpressed 293 cells used as non-endo-
thelial cells (data not shown). These results suggest that TLR2-
mediated rapid Weibel-Palade body exocytosis is regulated by
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FIGURE 4. Involvement of TLR2 in Welbel-Palade body exocytosis.
A, HUVECs transfected with WT or P681H mutant of TLR2 or with a control
plasmid were stimulated with 1 pg/ml FSL-1 for 60 min, and then the
amounts of VWF released into the media were measured. Each value isthe
mean = 5D. (n = 3). 8, HAECs transfected with TLR1-, TLR2-, or TLR&-
specific or control sIRNA were stimulated with Pam, CSK, (10 pg/mi), F5SL-1
(1 ug/mi), MALP-2 (1 ug/ml), and LTA (10 ug/ml) for 60 min, and then the
amounts of VWF released into the media were measured. Each value isthe
mean = 5D. (n = 3). % p < 0.05

activation of PLCy through MyD88-dependent tyrosine
phosphorylation.

We also investigated the role of PLCy in TLR2-mediated
NF-xB signaling. U-73122 treatment clearly suppressed TLR2
agonist-induced production of the NF-xB-driven chemokine
IL-8 in HAECs (Fig. 5D). U-73122 treatment also suppressed
LTA-induced phosphorylation and degradation of IkBa in
HAECs (Fig 5E). These results suggest that the MyD88-PLCy
pathway also mediates inflammatory responses through NF-xB
activation in endothelial cells.

Regulation of TLR2-mediated Weibel-Palade Body Exocy-
tosis—The results shown in Fig. 4 (A and B) raised the possibil-
ity that alteration of endothelial TLR2 expression affects the
magnitude of Weibel-Palade body exocytosis. We examined
TLR2-mediated exocytosis in the presence of vascular modula-
tors, IFN-v or laminar flow, which are known to affect TLR2
expression in endothelial cells of human origin. Consistent with
the results of a previous study (32), treatment with IFN-y
increased TLR2 expression level in HAECs (Fig. 64). Under this
condition, the magnitude of TLR2-mediated exocytosis was
significantly increased (Fig. 6B). In contrast to this, TLR2
expression slightly decreased in HAECs incubated under lami-
nar flow (Fig. 6C), consistent with the results of a previous study
(33). We found that laminar flow decreased the magnitude of
TLR2-mediated exocytosis (Fig. 6D).

DISCUSSION

The major finding of this study is that aortic endothelial cells
respond to several bacterial constituents that stimulate TLR2,
leading to induction of Weibel-Palade body exocytosis through
a MyDB88-dependent mechanism without de novo protein syn-
thesis. During this process, release of VWF and externalization
of P-selectin were induced, by which rolling and adhesion of
platelets and leukocytes and thrombus formation in the local
vessel walls may be promoted (34, 35). The pathological role of
this phenomenon in vivo may be support by the observations in
mouse experiments, Le. slight increases of local leukocyte-en-
dothelial interaction after LTA administration (36) and soluble
P-selectin level in serum after administration of the synthetic
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FIGURE 5. PLCy-mediation of TLR2-activated Weibel-Palade body exocy-
tosis and NF-«B activation. A, confluent HAECS were pretreated with 20 pum
BAPTA-AM for 30 min o Incubated In Ca®*-free media. Then the cells were
washed and stimulated with 10 ug/mi LTA for 60 min in Ca® *-free medla. The
amounts of VWF released into the media were measured by ELISA. Each value
Is the mean = 5.0, (n = 3), %, p < 0.01. B, HAECs were pretreated with 10 um
U-73122 for 30 min and then washed and stimulated with Pam,CSK, (10
pg/mi), FSL-1 (1 g/mi), MALP-2 (1 g/mil, LTA (10 uug/mi), and A23187 (1 um)
for 60 min. The amounts of VWF released into the media were measured by
ELISA. Each value Is the mean = 5.D. (n = 3). *, versus vehicle group, p < 0.01.
C, HAECs transfected with MyD88- or IRAK1-specific or control sifNA were
stimulated with 10 ug/ml LTA for 90 min. Immunoblot analysis was then
performed to examine the expression of phosphorylated PLCy) (Y783) and
total PLCy1 (feft). Immuncreactive bands were quantified by a densitometer
[right). Results are expressed as means + 5.0, of three independent experi-
ments. *, versus control group, p < 0.01. D, HAECs were pretreated with 10 jum
U73122 for 30 min and then washed and stimulated with Pam,C5K, (10
pgfmi), FSL-1 (1 pg/mi), MALP-2(1 ug/mi), LTA (10 ug/mi), and A23187 (1 um)
for 4 h. The amounts of IL-8 released into the media were measurad by ELISA.
Each value is the mean = SD. (n = 3). *, versus vehicle group, p < 0.01.
E, HAECs were pretreated with 10 um U73122 for 30 min and then washed and
stimulated 10 pg/mi LTA for the indicated period. Immuncblot analysis
was then performed to examine the expression of IxBa and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH).

lipopeptide FSL-1. Sequentially or simultaneously, both
PLCy- and IRAKI-mediated signaling pathways activate
NEF-«B, by which production of various proinflammatory cyto-

*T. Into, Y. Kanno, J.-. Dohkan, M. Nakashima, M. Inomata, K.-i. Shibata, C. J.
Lowenstein, and K. Katsushita, unpublished data.
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FIGURE 6. Regulation of TLR2-mediated Weibel-Palade body exocytosis.
A and B, HAECs were treated with [FN-y for 12 h. Surface TLR2 expression was
detected by flow cytometry (A). The shaded histogram indicates cells stained
with control antibody. The cells were washed and stimulated with Pam,C5K,
(10 pug/mil), FSL-1 (1 pg/ml), MALP-2 (1 pg/mi), and LTA (10 ug/mi) for 60 min.
The amounts of VWF released into the media were measured by ELISA (8).
Each value is the mean = 5.0. (n = 3). *, versus vehicle group, p < 0.05. Cand
D, HAECs were incubated under laminar flow for 12 h. Surface TLR2 expres-
sion was detected by flow cytometry (C). The shaded histogram Indicates cells
stained with control antibody. The cells were then stimulated with Pam,CSK,
(10 pgy/ml), FSL-1 (1 ug/mi), MALP-2 (1 pg/ml), and LTA (10 wg/mi) for 60 min.
The amounts of VWF released into the media were measured by ELISA (D).
Each value Is the mean = 5.D. (n = 3), *, versus static group, p < 0.05.

kines, and expression of adhesion molecules such as ICAM-1
are induced to promote adherence and activation of platelets
and leukocytes (37). The delayed Weibel-Palade body exocyto-
sis with de nove protein synthesis is further activated in the
cells. Therefore, endothelial TLR2 may be able to function as a
primary initiator and a modulator of artery inflammation
through these early-phase endothelial responses after recogni-
tion of cognate agonists.

We investigated the responsiveness of HAECs toward com-
mon bacterial constituents. For the TLR2 agonists, we prepared
several compounds that have already been proposed to func-
tion as TLR2 agonists, because TLR2 forms a complicated rec-
ognition system and because human endothelial cells from dif-
ferent vascular beds show different degrees of responsiveness to
TLR2 agonists (32, 38, 39). Unexpectedly, PGN, unlike other
TLR2 agonists, could not activate either Welbel-Palade body
exocytosis or [L-8 production (Figs. 1D and 34). The issue of
recognition of PGN by TLR2 is still controversial. The existence
of an intracellular receptor for PGN (NOD2) further compli-
cates this matter. However, Gupta's group recently concluded
that PGN is in fact recognized by TLR2 by showing that mur-
amidase treatment of PGN abolished the TLR2-stimulating
activity (8). We showed that recognition of our PGN was at least
dependent on TLR2 (Fig. 3A4). It has been shown that PGN
directly binds TLR2 per se (40), whereas bacterial lipopeptides
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are thought to directly interact with TLR2-associated mole-
cules such as CD14 and LBP but not with TLR2 per se (7, 41, 42),
suggesting the existence of different ligand-recognition mech-
anisms by TLR2. Furthermore, a novel family of PGN-binding
proteins such as peptidoglycan recognition proteins has been
found (43) and might enable discrimination of PGN from other
TLR2 agonists. Thus, PGN may be recognized by a TLR2 rec-
ognition system different from that for LTA and lipoproteins/
lipopeptides. Collectively, HAECs express functional TLR2 to
respond to several TLR2 agonists, including lipopeptides and
LTA, but may lack a PGN-recognition system resulting in an
inability to respond to PGN. Moreover, aortic endothelial cells
may particularly recognize diacylglyceride-containing bacterial
lipid derivatives (LTA and bacterial lipopeptides), recognition
of which has recently been reported to depend on TLR6 and
CD36 (11).

We also showed that the TLR4 agonist LPS did not activate
Weibel-Palade body exocytosis (Fig. 1D). Although the reason
for this is not clear, several lines of evidence obtained in previ-
ous studies may provide an explanation. For example, TLR4
expression has been reported to localize intracellularly in
artery endothelial cells (44). This observation suggests that
TLR4 in artery endothelial cells may be lacking in induction
of phospholipid-dependent signaling events, including
PLCyactivation, which are commonly intrinsic to the signal-
ing receptors spanning the cell membrane. Further investi-
gation is needed to determine the reason.

Several properties of endothelial TLR2 have been proposed
to be involved in the development of atherosclerosis. First,
endothelial TLR2 expression is enhanced by proinflammatory
stimuli, such as TNF-e, IFN-v, and LPS (32), and by SP-1-de-
pendent machinery in areas of disturbed blood flow such as
lesion predilection within the aortic tree and heart (33). The
expression level of TLR2 is indeed increased in an atheroscle-
rotic lesion in humans (45). Furthermore, a recent study has
revealed that complete deficiency of TLR2 in atherosclerosis-
prone LDLR-null mice leads to an apparent reduction in the
formation of lesions (46). Proinflammatory signaling pathways
downstream of TLR2Z have been thought to be activated
through TIRAP/Mal, MyD88, IRAK-1, and TRAF® in endothe-
lial cells. Other pathways involving PI3K and the downstream
protein kinase Akt/PKB (47), the Rho family GTPase Racl (48),
and the redox-activated mitogen-activated protein kinase
kinase kinase ASK1 (49) also link TLR2 signaling to the NF-xB
pathway. In this study, we showed that PLCy also mediated the
NF-xB pathway downstream of TLR2 in HAECs, although
involvement of PLC#y in the TLR2 proinflammatory signaling
has been described in several reports (27, 50). Because PLCy
isoforms are thought to be activated by both generation of
phosphatidylinesitol 3,4,5-triphosphate by PI3K and tyrosine
phosphorylation, we found the latter process downstream of
TLR2 was dependent on MyD88 but not IRAK-1 (Fig. 5C).
Recent studies have suggested a linkage of TLRs and tyrosine
kinases, including Syk via MyD88-STAP-2 interaction (51) and
Btk via direct interaction with TIR domain (52), both of which
have been shown to activate PLCy isoforms. Moreover, Btk-
induced phosphorylation of TIRAP/Mal has recently been
reported to play an important role in TLR signal transduction
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FIGURE 7. The proposed schematic for TLR2 regulation of early-phase
inflammatory signaling in human aortic endothelial cells.

(53), which may occur at a phosphatidylinositol diphosphate-
rich membrane compartment after recruitment of MyD88 to
membrane-localized TIRAP/Mal (54). A schematic of signaling
pathways proposed here is shown in Fig. 7.

Endothelial activation by several proinflammatory agents has
been shown to increase endothelial responsiveness toward
TLR2 agonists via up-regulation of TLR2 expression (32).
Increased endothelial TLR2 expression increased the magni-
tude of TLR2-mediated exocytosis of Weibel-Palade bodies
(Fig. 68) and endothelial responses (38), suggesting enhanced
responsiveness of endothelial cells to pathogens in inflamed
lesions. In contrast, fluid shear decreased the magnitude of
TLR2 ligand-stimulated Weibel-Palade body exocytosis (Fig.
6D). Physiological fluid shear stress has been suggested to have
atheroprotective effects in vivo, because atherosclerosis prefer-
entially occurs in an area of disturbed flow or alow level of shear
stress, whereas regions with steady laminar flow and physiolog-
ical shear stress are protected. Disturbed flow or a low level of
shear stress has been reported to regulate expression of various
regulatory molecules of endothelial activation, by which ath-
erosclerotic processes may be accelerated in the sites. These
observations are consistent with the previous finding that phys-
iological fluid shear stress decreases endothelial TLR2 expres-
slon via impaired activity of the transcriptional factor SP1 (33).
Thus, our results raise the possibility that bacterial constituent-
induced Weibel-Palade body exocytosis can be physiologically
or pathologically regulated in particular circumstances of the
vessel

In conclusion, our study focused on endothelial exocytosis
induced by bacterial pathogens and showed a linkage between
endothelial innate recognition of pathogens and early-phase
endothelial inflammatory responses. Our results may provide a
new insight into the role of endothelial TLR2 in the initiation
and modulation of vascular inflammation or atherogenic

responses.
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