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Genomic analysis of M) 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 paralogous
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 (TLR2) to activate NF-xB-dependent gene trunscription 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 TLR1 or
TLR10, 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

TLR2 recognition.

Membrane-bound lipoproteins are thought 1o play impor-
tant roles in the survival of bacteria through four main func-
tions: @ 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
maodification of a cysteine residue by diacylglycerol transferase,
the second step involves cleavage of the leader peptide by
signal peptidase 11, 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-
peudomonas 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 thal 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 (o 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), TLR] 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 TLRI and TLR6 are largely dependent on mare 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 TLRI 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 pneurmoniae is @ human pathogen that causes
“atypical pneumonia.” particularly in older children and young
adults (38). The genome size of M. preumoniae is 820 kb, und
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 ather microbes, such as Escherichia coli K-12 (22 of
4,243 genes; 0.52%) and Bacilluy subtilis (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 5-(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
Preparation of synthetic lipopeptides. The synthetic lipopeptides FSL-1 and
MALP-2 were prepared as described p |l'.'|. .l'-lz_'!-hiﬁqrummpyll-

cysteinyl FGIQADLRNLIK. i A M.
1 (MPPL-1), wos synthesized using o menmd samilar m the m:hod urms for
synthesis of FSL-1 and MALP-2 Briefly, the side chain-protected zequence

TGIQADLRNLIK was ted with an d peptide synthesizer
(model 433; Applied Biosy ) (9-F) yimeth rhonyl )-8~ Z-bispal-
adtoyloxypropyl ) ine (Novabiochem) was I pled to the peptide
resin by using a It Teazab I 'ﬂhyl 33 o 1

|1\-1}ﬂfbﬂdllﬂlldﬁ'(.”;ﬂ-ﬂﬂlulhyllmmldt solven! system. 11|e D-ﬁlmrrnyl
methaxy carbonyl and resin were § from the lipopeptide by using 1riflu-
oropcetic ackl. The lipopeptide was eximcted mmm acetic md Iynphlliud
and fied by p ive high liquid ¢k graphy with 2
\!mdaphm [ o mlumn (30 hy 1‘1'] mm). The level of purity of the li.pn;tptldr
way confirmed by analyticnl high-pressure liquid chromatography with » re-
versed-phase C,, column (4.6 by 150 mm) 1o be 965, All of the lipopeptides
were usc\d without \annkm :;l’ the S-form and R-lorm siereoisomers. The
popep were hved in phosphate-buffered saline ¢ 10 mM
n-octyl-B-glicopy itde i1 a atron 0.5 mM and stored 51 —80°C unul
they were used.

Cell culture. Dulk fified Eagle RPMI 1640 medium, penicil-
lin G, streptomycin, and irypsin-EDTA were obtained from Sigma. Human
manoeytic cell line THP-1 was cullured in RPMI 1640 medium as described
pmuuﬂy (19), Fluman cmmynmc Iuén:y HEKchnll.l were grown in Dulbecen

d Eagle medium os previously (18).
Determination of TL-6 and JL-8 by curyme-linked immunosorbent ussays
(ELISA). A total of 1 = lﬂ' THP-1 cells were stimulared for 12 h with various
of | lipopeptides, nnd the of feuking
(11-6) nnd TL-8 released into the media were dmemmﬂ! by u-mghulmn L6
Cytoset and human IL-8 Cytoset (Invitroge lul!u-
instructions of the manufacturer. The results d hclmr wre rep
of three separate experiments, and the data are expressed s mesns and standard
deviatione

DNA cloning, Flasmids encoding human TLR1, TLR2. and TLR6 have been

deseribed previously {18). Human TLR10 cDNA was obtained by reverse tran-

INFECT. IMMUS,

scription-PCR of RNA isolated from human umbilical vein endothelial cells and
then cloned o a pEF6 vector (1 gen), The DNA seq were con:
firmed by the dideoxy chain termination method by using an ABI Prsm 3100
genetc analyzer

Lauciferase reporter gene assay, HEK293 cells were plated at a concentration
of 0.5 = 10" cells per well in 24well plates before transfection. The cells were
tramsiently iransfected with an NF- -:B-drwul ﬂﬂ!ﬁy luciferuse reporter plasmid
(pNF-xB-Luc; Strmagene ) and a g expression of Renifl lucif-
erase under the control of a ively active thymi kinase p
(pRL-TK; Promega) together with TLR fing pl | Mcr’ihofuu:u-
bation, the cells were stimulated for 6 h with MPPL-1 or FSL-1 in media
containing 1% letal bovine serum. Then the cells were Ivsed. and the luciferase
activity was messured usmg the Dual-Lucifernse reporter aseay system (Pro-
mega) iccording o instructions of the manufacturer, The results below, ex-
pressed as the means and standard deviations of values for triplicate wells, are

of three sep The experiment using HER293
eclls stably expressing TLR2 has been den'nb:d pllmmuly (20},
Seatistics. All values were 1l d by lysis using S
Newman-Keul's lest. Diff were considered 1o be stutistically significant at

a P value of <005,

RESULTS

Preparation of MPPL-1. Himmelreich et al. reported that 46
protein genes were identified as genes encoding putative li-
poproteins in the M. pneumaniae 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 moietics
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.govientrez/query. fegi?CMD=scarch& 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 1o 48 putative lipoproteins, there are several proteins
with high levels of similarity 1o the lipoproteins without the fi-
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, preumoniae lipoproteins include
members of seven subgroups, which are probably groups of
paralogous lipoproteins (see Table S1 in the supplemental
material). We focused on group | composed of MPNO1I,
MPN0O54, MPN271, MPN369, MPN411, MPN467, MPN650,
and MPN654 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
uniguely 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 MPNA3S0 (11).
Comparison of N-terminal sequences of these lipoproteins
revealed that the levels of similarity of MPN271, MPN36Y,

_40_



Vo 75, 2007

A MPNO11 §
MPNO54
MPR2T1
MPN3&2
MPN411
MPN4ET
MPHNES0 @
MPNE54

MPNOL3
MPHOS4
MPN271
MPN365
MPN411
MPN4ET
MPNES0
MPNGS4

B
FPI,-O-E-(C"':)‘.-C":
H

H,-O-ﬁ-{c"'z}u'c”;

ul-lrgtﬁ- TGIQADLRNLIK

SYNTHETIC LIPOPEPTIDE FROM M. PNEUMONIAE 2155

(X
[
Py
F
3

FIG. | Synthesis of MPPL-1. (A) Alignment of putative paralogous lipoproteins. The N-terminal sequences of MPNOLI, MPNOS4, MPN271,
MPN369, MPN411, MPN467, MPN650, and MPN634 were compared. The cysteine residue immediately downstream of the signal peptide is

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

MPN411, MPN467, and MPN654 are particularly high (Fig.
1A). These putative lipoproteins have a churacteristic 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 altempted 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, MPN41l,
MPN467, and MPN654 is TGIQADLRNLIK, which should
couple to an S-dipalmitoylglyceryl cysteine. The structure was
chemically synthesized using @ 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 S-form and
R-form stereoisomers,

Immunostimulatory activity of MPPL-1. To investigate 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 Mithlradt's
group s a compound that can activate macrophages even at
picomolar concentrations (24). FSL-1 (S-dipalmitoylglyceryl

CGDPKHPKSF) derived from Mycoplasma salivarium 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 | 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 IL-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 | pM 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 M to ~10 uM (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 MPFL-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 1L-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 TLRI, TLR6,
and TLR10 for recognition of MPPL-1, since TLR2 hus 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, TLR6. or TLR10 alone (Fig. 3B). Sim-
ilarty, MPPL-1 could not activate cells transfected with a com-
bination of TLRI! and TLR6, TLR1 and TLR10, or TLR6 and
TLR10 (Fig. 3B). Compared with the MPPL-1 activity in the
cells transfected with TLR2 alone, cotransfection of TLR6
with TLR2 synergically augmented the activity of MPPL-1 in a
way similar to way observed with FSL-1, whereas cotransfec-
tion of TLR1 or TLRI0 with TLR2 did not (Fig. 3B). Thus,
MPPL-1 is preferentially recognized by TLRYZTLRG 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 TLRYTLR6, 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 lmnsu.nlly trunsfected with an
NF-uB-driven firefly lucil The cells were stim-
ulated for 6 h with the ulnc:ntnll.mm 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 wogether with the TLR-¢ncoding plasmids indicated. The cells
were stimulated for 6 h with | uM MPPL-1 or 10 nM F5L-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 <005 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 | @M 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-xB activation in
HEK293 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 TLRI, TLRA, or TLR10 cotransfection (Fig. 4B).
Similar resulls were obtained in experiments using MALP-2
(data not shown),

DISCUSSION

We have been interested in the immunostimulatory activity
of mycoplasmal diacylated lipoproleins/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 distinet 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 | x IF
THP-1 cells were stimulated for 12 h with | or 10 nM FSL-1 in the
presence or absence of | uM MPPL-1. Then the amounts of IL-6
released into the media were determined by ELISA. The results,
expressed as meuns and standard deviati ive of
three separnte experiments. (B) HEK293 oells were I.rl.n:h:nlly 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 h with 1 nM FSL-1 in the presence or absence of 100 nM
MPPL-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. pneumontae. 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 TLRZTLR6 recognition.
However, MPPL-1 could not antagonize FSL-1 recognition
by TLR2. These findings raised several important possibili-
ties for biological 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 Lo be an essential participant in the discrimination
of mycoplasmal diacylated lipoproteins/lipopeptides by TLR2,
because MALP-2 recognition was impaired in macrophages
from TLR6-deficient mice (36) and was reduced by a blocking
antibody to TLR6 in human cells (26). However, Buwitt-Beck-
mann et al. found that C-terminal addition of SKKKK to the
peptide moiety of MALP-2 converted the MALP-2 recognition
by TLR2TLR6 into recognition by a TLR&-independent
mechanism (6). In addition, we previously reported that sub-
stitution of the C-terminal amino acid of FSL-1 (F to 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-
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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 TLR10. 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 1o 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/
lipopeplides.

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 1o modify their
surface molecules so they do not stimulate the TLR recogni-
tion system, For example, «- and e-Proteobacteria, including
Campylobacter jejuni, Helicobacter pylori, and Bartonella 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, il has not been
determined whether M. preumoniae 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
MPNG602, which may have the strongest activities in M. preu-
maniae lipoprotein mixtures, was identified by using a method
to separate the fraction that strongly stimulates 2937T cells
transfected with TLR2 to activate NF-xB (33). MPNG6(2 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-

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 TLRI0, as
observed for MALP-2 and FSL-1. We could not discern a role
for TLRI0 in the recognition of mycoplasmal lipopeptides,
although it is possible that TLR10 participates in accurate

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.
preumoniae, 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 [actor
for the pathogenicity of M. pneumonige through which the
microorganism may evade TLR2 recognition. Further detailed
investigations of the functions and immunostimulatory activi-
ties of lipoproteins found in M. paeumoniae are needed to
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 to
have a great effect on the immunostimulatory activity of the
whole molecule. Therefore, synthesis and characterization
of lipopeptides based on the known lipoprotein sequences of
the N terminus may be an effective method for determining
unknown biological activities of bacterial lipoproteins.
Moreover, exhaustive screening of synthetic lipopeptides
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
cognate ligand for TLR10 will be identified by screening of
these lipopeptides.
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Nitric oxide (NO) has been thought to regulate the immune system through S nitrosylation of the tran-
scriptional factor NF-xB. However, regulatory effects of NO on innate immune responses are unclear. Here, we
report that NO has a capability to control Toll-like receptor-mediated signaling through S nitrosylation. We
found that the adaptor protein MyD88 was primarily S nitrosylated, depending on the presence of endothelial
NO synthase (eNOS), § nitrosylation at a particular cysteine residue within the TIR domain of MyD88 resulted
in slight reduction of the NF-xB-activating property. This modification could be restored by the antioxidant
glutathione. Through S nitrosylation, NO could negatively regulate the multiple steps of MyDSS functioning,
including translocation to the cell membrane after LPS stimulation, interaction with TIRAP, binding to
TRAF6, and induction of IxBe phosphorylation. Interestingly, glutathione could reversely neutralize such
NO-derived effects. We also found that an acute febrile response to LPS was precipitated in eNOS-deficient
mice, indicating that eNOS-derived NO exerts an initial suppressive effect on inflammatory processes. Thus,
NO has a poltential to retard induction of MyD88-dependent signaling events through the reversible and
oxidative modification by NO, by which precipitous signaling reactions are relieved. Such an effect may reflect

appropriate regulation of the acute-phase inflammatory responses in living organisms.

It is increasingly becoming evident that nitric oxide (NO) reg-
ulates a broad spectrum of protein functions through S nitrosy-
lation, a posttranscriptional modification that forms S-nitrosothiol
by covalent addition to cysteine residues of an NO moiety (14, 42,
43). Through § nitrosylation, NO is thought 1o exert a physiolog-
ical inhibitory eflect on nuclear factor « B (NF-xB) (25, 32, 33, 39),
the major transcriptional factor family deeply associated with
regulation of the immune system through transeription of a wide
range of genes. including cytokines. adhesion molecules, antimi-
crobial molecules, and antiapoptotic molecules (10, 13, 24). §
nitrosylation of NF-xB inhibits its DNA binding, promoter activ-
ity, and subsequent transcription (25, 33). It has been known that
8 nitrosylation targets a particular cysteine residue of the NF-«<B
pS0 and p65 subunits located in the N-terminal DNA binding
loop within the Rel homology domain (25, 32, 33), This residue is
conserved in other NF-kB subunits, including p52, p100, pl05,
and ¢-Rel, and other Rel homology domain-containing mole-
cules. Upstream of NF-xB, IkB kinase B (IKKB), a catalytic
subunit of the IkB (inhibitor of NF-xB) kinase complex, also
undergoes S nitrosylation, resulting in reduction of its kinase
function on phosphorylation of 1B (39). Such reduction of the
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IKKSB function leads to reduced IxB ubiquitinylation and protea-
somal degradation. resulting in NF-xB inhibition (14, 32, 39).
Toll-like receptors (TLRs) are the central innale immune
sensors for o broad array of pathogen-associated molecular
patterns, ranging from bacterial constituents to viral genomes
2, 35). TLRs initiate early processes of proinflammatory im-
mune responses that help to strengthen the processes of innate
and adaptive immunity (2, 20, in which NF-kB plays many
important roles (13, 24). TLRs utilize MyD88, a Toll/interleu-
kin-1 receptor (IL-1R) homology (TIR) domain-containing
adaptor molecule, to activate the NF-xB pathway through IL-
IR-associated kinases (IRAKs) and tumor necrosis factor
(TNF) receplor-associated factor 6 (TRAF6) (1), It has been
thought that TLR agonistic molecules, such as lipopolysaccha-
ride (LPS), can regulate NO generation through upregulation
of expression of all NO synthase (NOS) isoforms through
NF-xB activation (4, 9, 32). TLR stimulation can directly ac-
tivate an antimicrobial property through inducible NOS
(iNOS) expression and NO generation in macrophages (46).
NO generation is a general feature of immune cells, including
neutrophils, monocytes. macrophages, dendritic cells, and NK
cells, as well as other cells, including endothelial cells, epithe-
lial cells, and fibroblasts (4), all of which express multiple
members of the TLR family. However, it has remained obscure
whether generated NO exerts any regulatory effects on TLR
signaling or subsequent processes of innale immune responses.
There has been an accumulation of biochemical evidence
indicating that TLR signaling components, including IKKp
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and NF-xB, might be regulated by S nitrosylation. $ nitrosyla-
tion inhibits the kinase activity of apoptosis signal regulation
kinase | (ASK1) through inhibition of its binding to substrates
(38). ASK1 is known as an important regulator of the TRAF6-
P38 mitogen-activated protein kinase (MAPK) pathway down-
stream of TLR4 and is also involved in modulation of both the
NF-«B and apoptotic pathways downstream of TLR2 (19, 34).
Caspse-1 was recently found to be involved in TLR2- and
TLR4-mediated signal transduction of the MyD88-dependent
pathway through the cleavage of the TIR domain-containing
adaptor protein TIRAP (also known as Mal) (37). Caspase-1
also undergoes S nitrosylation at a cysteine residue within the
enzymatic active site, suppressing its proteolytic activity (6, 31).
Thus, it is possible that NO provides regulatory effects on the
multiple steps of TLR-mediated innate immune signaling
through § nitrosylation. In this study, we therefore designed
experiments to determine the effect of S nitrosylation on TLR
signaling. We further investigated how S nitrosylation affects
TLR-initiated immune responses in vivo, We report here that
S nitrosylation controls TLR signaling through redox-sensitive
and reversible suppression of the MyD88 pathway, which fa-
cilitates appropriate control of acute-phase inflammatory re-
sponses in vivo.

CONTROL OF MyDHS SIGNALING BY NO 1339

Neterminal Flag-tagged and Myc-tagged MyDBS, Myc-tagged TIRAP, and
TRAK-1 were amplified by PCR and cloned into the peDNAJ. | vector {Invitro-
gen). The construgt encoding human TLR2 was as described previously (17).
Constructs encoding mutated Flag-MyD88 were obtained using a QuikChange 1T
site-directed s kit (S fing o the f ‘s in-
structions.

Protein purification. Recombimant Flag-MyDES proteins were prepared using
a FLAG M punfication kit (Sigma-Aldrich) from HEK293 cells stably expressing

thﬂjm g 10 the fan s Pcriqal
ins wis condi ‘lyiudiw" yl sulfate-polyacry
plchmqaluuls{SDS-l’M‘E;'” § by silver staining and i
llmwﬁhwl’h'lmwy
ion of S-nitrosylated pr To detect S-nitrosylated MyDES from

hulrnu!rmwﬂd—mnmuwm mice, we referred 1o the protocol
described by Jaffrey et al. (21). Several experiments were performed using a
NitroGlo nitrosylation detection kit (PerkinElmer) according to the manufac-
turer’s instructions. Lung lysates from wild-type and eNOS ™" mice were sub-
hﬁedlothlbmuﬂwllhj&nﬁmlﬂnmm and then biovinylated proteins
were purified on strep g Purified proteins eluted by l.mercapto-
ethanol were detected by immuanoblotting with mﬁ-MyDGs antibody,
The quantitative of S-nitrosyk binant MyDSS by
ELISA was performed as follows. Briefly, remanFluM,Dlﬁ[l.Sﬂul
mmmmmmnmmmuﬂcummmmm
sulfides of Flag-MyDE8 were blocked with 4 mM methylmeth

for 15 min. After purification by using Micro Bio-Spin dmmuo;nphy enlumns
(Bio-Rad Laboratories). Flag-MyD8S was reacted with 25 mM ascorbate to be
completely denitrosylated. Free sulfides were then labeled wath a botin-conju-
gated maleimide, using a biotin labeling kit (SH; Dojindo Laboratories) acoord-
ing i |ha manufacturer’s lnllnn:tm The diluents of hiotinylsted Flag-MyDS8

§ in Tris-b | saline (pH 7.2) were stabilized in the wells of
MATERIALS AND METHODS m-ﬂmmmnmmmxmuymp s the el were
Reagents and cell culture. N*.M; iyl (L= 4 by\ﬂmglud-l;lu ibody and & y gated with
NMMA), S-nitrosoghutathione (GSNO). glutathi {GSI!]“ hylmalcimide,  homseradish ! i ion was detectod by absorhance on a
coumermycin A, N-acetyl Ly (NAC), ascorbi acid, and dip henyleneiod h lt&!ﬂmkﬁuluwmupmdumm standard
nium (DPI) were obtained from Sigma-Aldrich. SNAP (5 mmﬁ‘mJ dmaum(SD]ntmmedugmhuum
penicillamine) was purchased from Cayman Chemical. ODQ (171412 4joxadia- is of S-nitrosylated in Momhulpuumwh\
zolof4 3a)quinoalin-1-one) and KT3823 were obtained from Calbiochem. MMIUVMMWMIM gt A f
Preparation of TLR ligands, including highly purified Escherichia colt LPS, Sal- bed (8). The were then subj ml.llehimmmuhlmlwqueu
described above,

momells LPS, Pam,CSK,, macrophage-activating lipor ptide 2 (MALP-2), and
Salmonelly entericn serovar Lyphununum tagellingd was o Aeeeribed pio sty
(18). Recombinant human [L-15 wes trom R&D Systems. Human o~
thetial :tﬂi{lM.E.ul a.nd Iwm embryonic kidney 293 (HEK293) cells were

f o d previ (18). HEK293 cells stably expressing huml.n
TLR4, MIDD2 and CD14 (293-TLR4 cells) and HEK293 cells stably

Luciferase reporter assay, 293-TLR2 cells were transiently transfected with
t-type MyDﬂB—GyrB ar MyDES-GytB mutants, each with & cysteine = ue
semlncey o ferine eeridue. 1opether with S0 e of o0 N (3%) neiferase

rapnﬂet Phasii {r‘iF -B-r..ur. Strutniene ) and § ng of an intemal control
reporicr p i (pRL-TK: Promegn) and incubated for 16 h. At 6 h

twman TLR2 and CD14 (293-TLR2 cells) were obtained from InvivoGen.

Mice, INOS-deficient (iINOS ™ ) mice and endothelial-NOS (eNOS deficient
(eNOS ™" ) mice were from The Jackson Laborstories. CSTBL/GJ control (wild-
type) mice were oblained from Japan SLC. All mice were kept under specific

before the end of incubation, cells were treated with or without 250 WM SNAP.
Cells were then stimulated with 100 ng/ml Pam,CSK, for 6 h. HEK293 cells
siably expressing MyDRS-GyrB were transfected with pNF-«B-Luc and pRL-TK.
Alter 24 h of incub cells were stimulated with yein A in the
presence and absence ol 250 uM SNAP, The dual luciforase activity was mes-

pathogen-free Mule mice b 6 and 10 weeks of age were used
lwalldmmmmuml ls were P i by the National sured as described previously (19),
for Longevity S Amml E Committee at the Immunobiot analysis of IRAK-1 and IxBo, HAECS were stimulated with 10
National Center for Genaines and G:rnnlntou (J\l-"ll lmn], ng/ml of LPS for 0 1o 90 mm. HEK293 cells stnbly expressing MyD8S-GyrB were
Ftwwmmmlolmmmy b mice hericiua col imulated with | uM i fur!ﬂmm Calls were lysed in the presence
LPS disolved in pyrog hate-truff Ilhlll?nsl ining | of § Cinhibitor and phosph ktails (Roche) at 4°C. Cell
w’nﬂEmBln: heally i diately alter lation. Af- Iymawbnu!um1hmlwpmmmldby5m?ﬂwmd

mmmmdmmmiuqmmdwmww

using anti-TRAK-1, anti-IxBa, and phosphorylation-

nmmmhhnkmpommmulmud-nh} eoli LPS were tested
i 1o A p iously (45, 49), Mice (n = §) were main-
l.lmdnl a ulmnl ambient wmum ul 31°C and challenged by intrapento-
neal (ip. ) imection of 5 mg LPS/g of body weight dissolved in pyrogen-free PBS.
A high dose of LPS (more than S0 mg/kg) was fatal within %0 min in eNOS™~
mice. A colome thermocouple was imserted and fived to the base of the tail with
adhesive tape, The change in temperature was monitored at S-min intenvals
during u period of 120 min after LPS admimstration. All of the tests were
fi d a1 the temy of 31°C. After 2 h or 12 h of LPS administration.
ZMdFﬁmmpﬂedmwmcahdmmmlqalemm fluids
were J and i for duction by an
enzyme-linked mmumtbenlmlylﬂ.ls.\l I’mplmmdpem-lmx-
hages was os ibed p y (28).
MMDMWMMP Flag-tagged MyDAS fused to the
B subunit of the bacterial DNA gyrase (MyDES-CyrB) was an described previ-
oualy (11} Plasmids encoding human MyD88 and TIRAP were kind gifts from
Margaret K. Offermann (Emory University School of Mehicine). The cDNAs of

by
specific anti-IxBa (Scr!mr.!&) antibodies (Cell Signaling Technology).

mmmmw Total RNA was isolated from
mouse p phage -.mmmll.rsmww
gamma interf and pls were 4 by real-time quantitative
Feverse transcription- K‘Rmummﬂmmm (Roche). All miues
were pormalized 10 1he lovel of factin mRNA. The primer sets used are as
follows: for mouse macrophage inflammatory protetn 2 (MIP-2), 5-ATCCAG
AGCTTOAGTGTOACGC-Y (sensz) and 5" -AAGOCAAACTTTTTGACCG
AA-Y (antisense); for mouse IL-6, 5" -CCACGGCCTTCCCTAC-Y (sense) and
SSAGTGCATCATCGTTGTTC-Y (antisense); and for mouse B-actin, 5'-AA
ATCOTGCGTGACATCAAA-3' (sense ) and 5-AANGGAAGGCTGGAAANG
AGC-3" (antisense).

Cytokine ELISA. Concentrations of human [L-8, mouse MIP-2, and mouse
IL-6 were determined using a Cytaset ELISA kit {Blosource) sccording to the
manufacturer’s inttructions,

Sabeellular fractivaation. Subcellular fractionation of HEK293 celly stably
expressing Flag-MyDES and 203-TLRA cells stably expressing Flag-MyD8S-GyrB
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was pcr!ufrrml using o ProteoExtrict subcellular proteome extraction kit (Cal-

fing 10 the ‘s mstructions. This kit enables extrac-
ton of diff wbwllullt of the cytopl plasma nucled,
and cytoskeleton from lian cells, 293-TLR4 colls stably expressing Flag-

MyD88-CiyrB were maintained in serum-free Dulbecco’s modified Eagle's me-
dium containing 5% PANEXIN H cell growth supplement (PAN Biotech
GimbH) 1w avoid nonspecific cell activation by ammal serum components. The
whole-cell lysate was obtained using NuPAGE LDS sample bulfer containing
2.mercapioethanol. Each fiaction was mixed with NuPAGE LDS sample buffer
and boiled for § min, followed by SDS-PAGE and immunohlot analyses using
anti-Flag (Sigma), ant-MyD88 (Santa Cruz Bistechnology), anti-IRAK-1, and
anti-vimentin (BD Biosciences) antibodies.

Blue native PAGE and immunoprecipitation. HEK293 cells siably expressing
Flag-MyDS8 were treated with SNAP for | h, washed twice with PRS, and lysed
with HEPES buffer (pH 7.2) containing 1% Triton X-100, 1% Nonidet-P40, and
proteinase inhibitor cocktail (Roche). Cell lysates were separated by blue native
PAGE according to the f | provided by | ll'ld ihen immuio-
bloned with anti-Flag nlmh)dy HEK93 cells i
wmally with Flag-MyDES and Myc- TIRAF or Hag«MyDtﬂ and [RAK-1 were
treated with GSNO or GSH for | h. HEK293 cells stably expressing 3= Flag-
MyD8S-Cryr B were stimulated with | pM coumermycin A for 20 mm. Cells were
Iysed with HEPES buffer (pH 7.2) containing 1% Triton X-100 and proteinass
inhibitor cocktail (Roche), Clarified cell lysales were immunoprecipitated with
anti-Flag antibody, followed by i bl lysis using anti-Flag, anti-Myc,
and anti-TRAF6 {Sﬂ'mﬂenj antibodies. All experiments were performed ut
lcut three times, and rrp:clcnl:llw: results are shown.

eell HAECs were fixed s —=20°C with methanal,
and double immuncstaining was then carried out with ant-B-actin monoclonal
antibody (Sanla (‘ru Biatechnology ) and Alexa 488-conjugated immunoglobulin

G by (1 gen) and then with anti- Mym rabbit pnlynﬁuu!
lntlh(\d'_r tSnnl. l."rut Himu:hmlogyl and Alexa 564-conj I
[ y (Invi Cell nucled were nlso ;ummd with _‘l pg/ml

of Hmhu 33142 I’m 30 mm

(") values were calculated by Student’s ¢ test
lered significant ar (L05 or (U1

and analysis of and were

RESULTS

TLR signaling components are S nitrosylated in vivo. To
examine whether TLR signal components are physiologically S
nitrosylated in vivo, we detected S-nitrosylated proteins in the
lung lysates from wild-type and eNOS ™ mice by utilizing the
biotin switch method (21). Interestingly, this method facilitated
the detection of MyD88 as an S-nitrosylated protein (Fig. 1A).
To exclude the possibility that the detection of S-nitrosylated
MyD88 is an experimental artifact, we utilized the biotin switch
method combined with photolysis of S nitrosylation, which has
recently been reported as a useful method for confirming the
specificity of § nitrosylation (8), The detectable S-nitrosylated
MyD8E protein was reduced after exposure of the samples to
a UV lamp (Fig. 1B), suggesting that the result is not false
positive. Thus, our result at least suggests that MyDSS is po-
tentially S nitrosylated in addition to other signaling molecules,
including NF-kBs, ASK1, and caspase-1.

We further examined the details of S-nitrosylated MyDS8E in
vitro by utilizing a quantitative method for detecting S nitrosy-
lation of recombinant proteins, We could detect S nitrosylation
of recombinant MyD88, which increased, accompanied by an
increase in the concentration of the NO donor SNAP (Fig.
1C). It has been known that S-nitrosylated proteins are revers-
ibly denitrosylated by antioxidants or oxidoreductases, by
which substantial protein functions are restored (14, 42). In-
deed, the detectable S-nitrosylated MyDBR protein was re-
duced when the NO donor-treated protein was reacted with
ascorbate, HgCl,, or GSH (Fig. 1C). We further determined
the site of § nitrosylation because the modification is effected

Mo, Curt. Biow.

toward particular cysteine residues (14). Mammalian MyDSR
contains & total of nine cysteine residues: one in a short linker
region and the other eight in the TIR domain (Fig. 1D). These
residues are thought not to be involved in the lormation of
intramolecular disulfide bonds. Among vertebrates, all cysteine
residues are highly conserved (data not shown). We prepared
recombinant MyDS8 proteins of nine individual mutants, each
with one of the nine cysteine residues replaced with a serine
residue. We found that the degrees of S nitrosylation of Cys113
and Cys216 were significantly reduced compared with those of
wild-type MyD88 (Fig. 1E). These cysteine residues partially
{ulfill the predictive site of the § nitrosylation “acid-base motif”
that comprises flanking acidic and basic residues (14) (Fig. 1F),
Interestingly, the cysteine residue equivalent of Cys216 is con-
served even in invertebrates, while others are not (data not
shown). Among other TIR domain-containing adaptor mole-
cules, only TIRAP and SIGIRR have a cysteine residue cor-
responding to the position of Cys216 (Fig. 1G).

To determine the requirement of cysteine residues for func-
tioning of MyD88, we utilized MyDS8S fused to the B subunit of
the bacterial DNA gyrase (MyD88-GyrB). The Strepromyces-
derived bivalent antibiotic coumermycin binds GyrB with 2
stoichiometry of 1:2, acting as a natural dimerizer of GyrB (7).
Although overexpressed MyDS8R is known to reveal TLR stim-
ulation-independent nonspecific activation of downstream sig-
naling through self-dimerization (11, 36), MyDS88-GyrB does
not reveal such nonspecific activation unless cells are exposed
to TLR stimulation or coumermycin treatment (11). We pre-
pared GyrB-fused wild-type MyD8S and MyD8§ mutanis, cach
with one of the nine cysteine residues replaced with a serine
residug, and examined the NF-xB-activating properties in the
TLR2 ligand Pam,CSK,-stimulated HEK293 cells stably ex-
pressing TLR2. None of the cysteine replacement mutanis
abrogated the NF-«B-activating property of MyD&R (Fig 1H).
However, the Cys216Ser mutant significantly increased the ac-
tivity compared with that of wild-type MyD88 (Fig. 1H). Ad-
ditionally, similar results were found in the cells treated with
SNAP (Fig. 1H). Thus, it is possible that Cys216 of MyD&8S
mediates the suppressive effect of NO.

S nitrosylation alters MyD8B-mediated signaling events. We
next explored how S nitrosylation of signaling components
alters TLR signaling events. To examine this in vivo, we uti-
lized an animal model of acute lung injury induced by intra-
tracheal administration of LPS. We investigated degradation
of IRAK-1 and IxBa, hallmarks of MyD88-dependent and
IKKB-dependent signaling events, in the lungs 30 min after
LPS administration. Interestingly, degradation of IRAK-1 and
IxBe was apparently promoted in eNOS™ mice compared
with that in wild-type mice (Fig. 2A). We also examined
whether NO alters degradation of IRAK-1 and [kBa in culti-
valed vascular endothelial cells. In HAECs, LPS induced deg-
radation of TRAK-1 and IxBa within 30 min after stimulation
(Fig. 2B). Degradation of IRAK-1 and IxBa was promoted
and occurred within 1S min after stimulation when endogenous
NO was predepleted by the L-arginine analog L-NMMA (Fig.
2B). In addition, IRAK-1 degradation was also promoted when
confluent HAECs were maintained in culture media without
the eNOS activator vascular endothelial growth factor or the
phosphatidylinositol 3-kinase inhibitor LY294002 (data not
shown). In contrast to these results, degradation was delayed
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FIG, L. § nitrosylaton of MyD88. (A) Lung lysates from wild-type (WT) and eNOS™" mice and SNAP-mmd recombinant human MyDS8
(rhMyD88) were subjected to the biotin switching S-nitrosylation assay, and then biotinylated proteins were purified on streptavidin-agarose.
Purified proteins were detected by immunoblotting with anti-MyD88 antibody (upper). MyDB8S proteins in lung lysates and rhMyDSS were also
shown as loading controls (lower), (B) Mouse lung lysates were exposed for 3 min to a UV-visible light mercury vapor lamp. The samples were
then subjected to the biotin switch method. (C) A recombinant Flag-MyD88 protein was treated with or without SNAP (100, 200, 500, and 1,000
wM) for 30 min. For the denitrosylation study, SNAP-treated proteins were incubated with 1 mM ascorbic acid, 1 mM GSH, or 1 mM HgCl, for
5 min before the blockade of free thiols by methylmethanethionsulfonate. Then, S-nitrosylated residues of MyD8S were switched into biotins
and proteins were fixed on streptavidin-coated plates, followed by ELISA with anti-Flug antibody. Each value is the
mean * 8D (n = 3). See text for details, (=, P < 0,01 for comparison with the group of 500 pM SNAP), (D)) Schematic of human MyD8S.
(E) Recombinant Flag-MyD88 urikl-rﬁ proteins and mutants with each cysteine residue replaced with a serine residue were treated with or
without 500 pM SNAP for 30 min. Then, S-nitrosylated MyD8S fixed on streptavidin-coated plates was detected by ELISA using anti-Flag
antibody. Each value is the mean = SD (n = 3), See text for details. (. £ < 0.01 for comparison with Ihc unld -type group), (F) Sequence alignment
of the region around nine cyucine residues of MyD88. (G) S e ali af b TIR & malecules, The regions
corresp g to that idues of Pro200, a critical residue for TIR-TIR interaction, and Cys216 of MyD&B are shown. (H) HEK293
cells stably expr:mng TLR2 were !runllcnt!y transfected with GyrB-fused wild-type MyD88 or mutant MyDBS with each cysteine residue replaced
with a serine residue together with the NF-xB-driven luciferase gene and incubated for 16 h. At 6 h before the end of incubation, cells were treated
with 200 pM SNAP. Cells were stimulated with 100 ng/ml Pam,CSK, for 6 h. and then luciferase activity was measured. Each value is the
mean = SD (n = 3). (», P < 005 for comparison with the wild-type group).

and residual proteins were observed even at 45 min after stim-
ulation when cells were pretreated with SNAP (Fig. 2B). The
effect of NO was not altered in the presence of the guanylate
gyclase inhibitor ODOQ or the cyclic-GMP-dependent protein
kinase inhibitor KT5823 (data not shown). Notably, LPS-in-
duced degradation of IRAK-1 and IxBa in HAECSs was pre-
vented by the irreversible thiol modification by N-ethylmale-
imide (Fig. 2C), implying that the effect of NO on the signaling
events depends on modification of cysteine residues.

To test whether NO alters the MyD8S-dependent signal
events, we utilized the MyDS8B-GyrB construct. Under coumer-

mycin treatment of cells stably expressing MyDES-GyrB, MyDSS-
GyrB undergoes dimerization and mimics TLR-triggered typ-
ical MyD88-dependent functions, such as the activation of
MAPKs and [KKs and secretion of proinflammatory cytokines
(11). We found that coumermycin-dependent induction of
NF-«B activation in HEK293 cells was suppressed by pretreat-
ment with cells with NO donors (Fig. 3A), Coumermycin could
induce phosphorylation of IxBa at Ser32 and Ser36, the target
residues of IKKB involved in degradation of IkBa (51), but
SNAP pretreatment could suppress induction of the response
(Fig. 3B). SNAP also suppressed coumermycin-induced phos-
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FIG. 2. NO suppresses LPS-induced degmdntiun of TRAK-1 and
IxBa. (A) Anesthetized wild-type (WT) and eNOS™ mice intratrache-
&Ily received [2 coli LPS and mechanical ventilation. After 30 min of

lung was d and then lysed for immunoblotting with
anﬁ-IRAK 1. anti-IxBa, and anti-GAPDH antibodics. (B) HAECs pre-
treated with 1 mM 1-NMMA for 12 h or (.25 mM SNAP for | h were
stimulated with 10 ng/ml E coli LPS for the indicated periods. The
expression levels of IRAK-1 and IkBa were determined by immunoblot
analysis. (C) HAECs pretreated with (L1 mM N-ethylmaleimide for 10
min were stimulated with 10 ng/ml E coli LPS for the indicated periods.
The expression levels of IRAK-1 and 1xBa were determined by immu-
noblot analysis.

phorylation of MAPKs (data not shown). The coumermycin-
dependent dimerization of MyD88-GyrB induced interaction
with TRAF6, consistent with a previous study (10), and we
found that this interaction was reduced by SNAP treatment
(Fig. 3C).

We found that NO and alteration of Cys113 and Cys216
residues of MyD8S did not alter the interaction of overex-
pressed MyDS8 with IRAK-1 in HEK293 cells (Fig. 3D). How-
ever, NO clearly attenuated TLR4 stimulus (LPS)-dependent
induction of MyDBE-IRAK-1 interaction (Fig. 3E), suggesting
that NO targets upstream signaling events of TRAK-1. It has
been known that the recruitment of MyD88 to TLR2 or TLR4
is mediated by binding of the sorting adaptor TIRAP to the
membrane phosphatidylinositol 4.5-bisphosphate, followed by
interaction of MyD88 with TIRAP through TIR-TIR interac-
tion (23). We examined whether NO affects the interaction of
MyD88 with TIRAP. Overexpressed MyDS88 interacted with
TIRAP in HEK 293 cells (Fig. 3F). We found that treatment of
the cells with the NO donor GSNO attenuated the interaction
(Fig. 3F). We further investigated whether S nitrosylation of
residues 113 and 216 is involved in MyD88-TIRAP interaction.
Alteration of Cys residues did not affect the interaction (Fig.
3G). However, SNAP-induced attenuation of the interaction
was reduced in the Cys216 mutant (Fig. 3G).

In HAECs, MyD88 was enriched with filamentous cytoskel-
etal structures and partly colocalized with B-actin (Fig. 4A).
Additionally, a large part of MyDS88 stably expressed in
HEK293 cells was found in the cytoskeletal fraction (Fig. 4B).
These findings are consistent with results of a previous study
showing that MyD88 associates with B-actin in HeLa cells (22).
Cytoskeletal MyD88 was separated from IRAK-1, which was
found only in the cytoplasm (Fig. 4B), suggesting that MyD8§
is maintained as an inactive state in cytoskeleton, We found
that SNAP treatment altered such cytoskeletal localization of
MyDS88 into the cytoplasm (Fig. 4C). We further investigated

Mol Cevr. Biest.

the subcellular localization of MyD88 after TLR4 stimulation
in 293-TLR4/MD2-CD14 cells stably expressing Flag-MyDS8-
GyrB. After LPS treatment. a part of MyD88 was transported
to the cytoplasmic membrane from the cytoskeleton (Fig. 4D).
However, SNAP treatment retarded such LPS-induced Irans-
portation of MyD88 (Fig. 4D). Although native PAGE analysis
revealed that MyD88 formed a protein complex (more than
480 kDa) in HEK293 cells, SNAP treatment resulted in reduc-
tion in the size of the complex to approximately 450 kDa or 250
kDa, accompanied by an increase in concentration (Fig, 4E),
Moreover, higher concentrations of SNAP further altered the
complex to render a monomer (approximately 35 kDa) (Fig.
4E), implying disruption of functional MyD88 protein complex
by NO.

Thus, NO has a capability 1o obsiruct the MyDS8B signing
pathway through disruption of the multiple steps ol protein
interactions.

NO reversibly suppresses the MyDBS signaling events. 5-
nitrosylated proteins are known to undergo denitrosylation, by
which regulatory effects of NO are conferred to control protein
functions. We therefore investigated how S nitrosylation and
denitrosylation affect MyD88-mediated signaling events. For
this purpose, we utilized GSH because GSH had a capability to
denitrosylate MyD8S8 (Fig. 1C). We found that GSH restored
NO-induced impaired interaction of MyDSS with TIRAP (Fig.
4F). Furthermore, the NO-induced cytoplasmic localization of
cytoskeletal MyD88 was restored by treatment of the cells with
GSH (Fig. 4G). Thus, these results suggest thai S nitrosylation
alters the MyD88 pathway, and antioxidants or oxidoreducta-
ses restore such NO-derived actions, probably through deni-
trosylation.

NO reversibly suppresses TLR-mediated cellular responses.
HAECs responded to multiple bacterial TLR agonistic mole-
cules, Pam,CSK, (for TLRI/TLR2), MALP-2 (for TLRY
TLR6), LPS (for TLR4), flagellin (for TLRS), and IL-1p, all of
which are known to activate MyD88-dependnet signaling to
induce production of the NF-kB-driven chemokine IL-8 after
stimulation for 3 h (Fig. 5A). Predepletion of endogenous NO
by L-NMMA resulted in a significant increase in IL-8 produc-
tion induced by each stimulator (Fig. SA), indicating that en-
dogenous NO has a suppressive effect on the TLR-mediated
cellular response. Furthermore, IL-8 production by each stim-
ulator was suppressed in the presence of SNAP (Fig, 5A). The
effect of NO donors was not altered in the presence of ODQ or
KT5823 (data not shown). We investigated whether such a
suppressive effect of NO can be restored because S nitrosyla-
tion is a reversible protein modification. However, it is difficult
to examine the effects of antioxidants or oxidoreductases be-
cause the TLR signaling pathway is greatly aifected by reactive
oxygen species generated from NADPH oxidases (27, 34, 48).
Indeed, treatment of cells with ascorbic acid, GSH, NAC, or
the NADPH oxidase inhibitor DPI greatly impaired LPS-in-
duced IL-8 production in HAECs (Fig. 5B). We therefore
attempted to address whether the effect of NO is transient or
persistent, For this purpose, HAECs were pretreated with
SNAP for | h and washed two times to remove the NO donor.
Then, at various times afterwards, the cells were stimulated
with LPS and IL-8 production was measured. NO suppression
of IL-8 production was gradually neutralized or restored in a
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FIG, 3. Effects of NO on TLR-mediated signaling events. (A) HEK293 cells stably expressing MyD8S-GyrB were transiently transfected with
an NF-xB-driven luciferase gene and incubated for 24 h. Cells were pretreated with or without 0.25 mM SNAP for 1 h and then treated with |
wM coumermyein for 3 h, Then, luciferase activity was measured. Each value is the mean = SD (o = 3). (B) HEK293 cells slahly expressing
MyD88-GyrB were pretreated with or without 0,25 mM SNAP for 1 h and then treated with 1 uM mycin for the indicated periods. The
phasphorylation of IkBa at Ser32/Serd6 was detected by immunoblot analysis. (C) HEK293 cells stably cxprms&n; MyD88-GyrB were pretreated
with or without 0.25 mM SNAP for | h and then treated with | M coumermycin for 20 min. Then, cell lysates were |mmunopmplt:tcd (1P} with
anti-Flag antibody, followed by immunoblotting with anti-Flag and anti-TRAF6 antibodies. (D) HEK293 cells transiently expressing Flag-tagged
wild-type (WT) or Cys residue (113 or 216) replawmnt M)rDGB lugclhel‘ with IRAK-1 were treated with 500 M SNAP for | h. Then, cell lysates
were immunoprecipitated with anti-Flag antibody, 1 by immunoblotting with anti-Flag and anti-IRAK-1 antibodies. (E) 293-TLR4/MD2-
CD14 cells stably expressing Flag-MyD8E-GyrB were treated with or without 500 uM SNAP for 1 h and then stimulated with 100 ng/ml LPS for
20 min. Then, cell lvsates were immunoprecipitated with anti-Flag antibody, followed by immunoblotting with anti-IRAK-1 and anti-Flag
antibodies. (F) HEK293 cells transiently expressing Flag-tagged MyDS8 together with Myc-tagged TIRAP were treated with GSH or GSNO (0,
100, and 500 uM) for 1 h. Then, cell lysates were lmmnmpmmpml:d with anti-Flag antibody. followed by immunoblotting (TB) with anti-Flag and
anti-Myc antibodies. (G) HEK293 cells transiently expressing Flag-tagged wild-type or Cys residue (113 or 216) repl MyD8S wogether with
Myc-tagged TIRAP were treated with 500 uM SNAP for | h. Then, cell lysates were immunoprecipitated with anti-Flag antibody, followed by
immunoblotting with anti-Flag and anti-IRAK-1 antibodies.

time-dependent manner, although the restrictive effect contin-  ingly, eNOS™"" mice exhibited the most intensive production
ues for several hours (Fig. 5C). of MIP-2 (Fig. 6B). On the other hand, the most prominent
NO suppresses acute-phase immune responses to LPS in production of IL-6 was observed in INOS '~ mice (Fig. 6C). In
vivo. To explore how NO regulation of MyD88-dependent contrast to these results, there was no significant difference in
signaling reflects innate immune or proinflammatory responses  the amounts of MIP-2 and IL-6 production when the fiuids
in vivo, we utilized a popular animal model of sepsis induced by were collected 12 h after LPS administration (data not shown).
i.p. administration of LPS. We first investigated the cytokine  Thus, eNOS and iNOS at least exert a suppressive effect on
responses as the major hallmark of inpate immune responses.  early cytokine responses in vivo.
MIP-2 is known as one of the early LPS-responsive genes, the We further examined LPS-induced febrile response as a
mRNA expression of which indeed showed a rapid rise and hallmark of acute-phase responses of inflammation. LPS is
reached a peak within 1 h after LPS stimulation in mouse  known to act as a pyrogen 1o induce TLR4-dependnet polypha-
peritoneal macrophages (Fig. 6A). In contrast, [L-6 is known  sic fever (44). The major initiator of LPS fever is generated
as a late LPS-responsive gene, the expression of which showed  prostaglandin E2, which stimulates thermoregulatory neurons
a gradual rise and reached a peak more than 4 h after stimu-  and elevates body core temperature (3). LPS can dircctly in-
lution (Fig. 6A). We determined the amounts of MIP-2 and  duce prostaglandin E2 generation through the MyDB8S-depen-
IL-6 produced in the abdominal cavity 2 h after LPS adminis-  dent signaling pathway (47). The first-phase febrile response in
tration in wild-type, eNOS ", and iNOS™'~ mice. Interest-  eNOS™'™ mice occurred significantly earlier than that in wild-
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FIG. 4. Reverse of the suppressive effect of NO by GSH. (A) HAECs were fixed and d i fl ently (IF) with anti-3-actin

antibody (green, left), anti-MyD88 antibody (red, middle). and Hiechst33342 (blue, right). (B) Parental HEK293 cells and HEK293 cells stably
expressing Flug-MyD88 were fractionated into the cytoy (Cpl, eytoplasmi brane (M), nucleus (N), and cytoskeleton (Cs). Whole-cell
lysates (W) were also obtained. The fractions were assessed by immunoblotting (1B) with anti-Flag, anti-MyD&8, anti-TRAK-1, and anti-vimentin
antibodies. (C) HEK293 cells stably expressing Flag-MyD8S were treated with the indicated concentration of SNAP for | h and fractionated into
each [raction. The 1 were d by i shlotting with anti-Flag antibody, (D) 293-TLR4MD2-CD14 cclls stably expressing Flag-
MyD88-GyrB were treated with or without 500uM SNAP for 1 h and then stimulated with 100 ng/m| LPS for 20 min. Cells were then fractionated
into each fraction, The froctions were assessed by immunoblotting with anti-Flag antibody. (E) HEK293 cells stably expressing Flag-MyDBS were
treated with or withoul SNAP (10, 50, 125, 250, and 500 pM) for | h. Then, cell lysates were assessed by blue native PAGE and immunoblotting
with unti-Flag antibody, (F) HEK293 celle transiently expressing Flag-MyD88 and Myc-tagged TIRAP were treated with 500 M GSNO for L h
and then with or without 500 M GSH for 15 min. Then, cell lysates were immunoprecipitated with anti-Flag antibody, followed by immunoblotting
with anti-Flag and anti-Myc antibodies. (G) HEK293 cells stably expressing Flag-MyD88 were treated with the 500 uM GSNO for 1 h and then
with or without 500 uM GSH for 15 min. The cells were fractionated into each fraction, followed by immunoblotting with anti-Flag antibody.

ype or iINOS '~ mice (Fig. 6D), indicating that NO from
eNOS suppresses the initiation of the response. However,
eNOS deficiency did not alter the magnitude of febrile re-
sponse compared with that for wild-type mice, suggesting that
the suppressive effect of NO is not persistent. On the other
hand, a transient decrease in fever was found in wild-type and
eNOS '~ mice at about 70 min after LPS administration buf
not in iINOS ™~ mice (Fig. 6D), indicating that NO from iNOS
suppresses promotion of the response. Thus, these resulls sug-
gest that NO generated from eNOS and iNOS exerts a sup-
pressive effect on acute-phase inflammatory responses to LPS
in vivo, probably through S nitrosylation,

DISCUSSION

Our findings imply that MyD88-dependent signaling events
are affected by S nitrosylation, by which innate immune signal
transduction might be reduced in living organisms. The effect
of NO is transient and is restored by antioxidants or oxi-
doreductases, in which protein denitrosylation plays an impor-
tant role. Although the physiological significance of such reg-

ulation of TLR signal transduction is unsettled, NO is likely to
retard signaling cascades through S nitrosylation, by which
rapid and precipitous signaling reactions may be initially or
inductively relieved. Such an effect may reflect an adequate
regulation of acute-phase inflammatory responses, leading 1o
limitation of the degree of inflammation and resolution of
inflammation.

We found that the suppressive effect of NO on TLR-medi-
ated cellulur responses was transient and degraded in a time-
dependent manner (Fig. 5C). The specificity of NO regulation
may be conferred by the spatial regulation of $ nitrosylation
within or between proteins and the stimulus-coupled temporal
regulation through denitrosylation (14). Signal transduction by
ligand-receptor interactions is thought to trigger denitrosyla-
tion, restoring substantial protein functions. For example, re-
duction of the functions of caspase-3 and IKKP by S nitrosy-
lation is restored by FasL-Fas interaction and TNF-a~TNFR
internction, respectively (30, 39). Thus, it is possible that TLR
ligation-dependent protein denitrosylation also facilitates the
restoration of NO suppression although the mechanism of
denitrosylation has been poorly studied. Protein denitrosyla-
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the vehicle group),

tion is catalyzed by antioxidants or oxidoreductases, including
ascorbic acid, thioredoxin-thioredoxin reductase, superoxide
dismutase GSH, and GSNO reductase (14, 15, 50, 53). S
nitrosylated MyD88 can be denitrosylated in the presence of
ascorbic acid and GSH in vitro (Fig. 1C). Although it is still
unclear how TLR ligation activates cellular redox activity, LPS
has & potential to activate cellular redox activity and transition
of GSH into GSNO (41). More details of TLR-mediated pro-
tein S nitrosylation and denitrosylation should be investigated
in future studies.

TLR ligation can initiate recruitment of MyD88 to the receptor
complex through TIR-TIR interaction. In the case of TLR2 and
TLR4, the sorting adaptor TIRAP is essentially required to re-
cruit MyDBR (23), MyDS8S then dissociates from the receptor
complex and recruits IRAK-1 (and IRAK-4) through death do-
main (DD}-DD interaction, inducing TRAF6-mediated signaling
events and ubiquitin ligation to IRAK-1 or IxBa, followed by
proteasomal degradation (1). Nevertheless, how MyD$8 can be
initially controlled to be recruited to TLRs has remained unclear.
We found that a large part of cellular MyDS8 existed in the
cytoskeleton and associated with B-actin (Fig. 4A and B), wherein
MyD88 formed a complex dissociated from IRAK-1 (Fig. 4B).

Our finding suggests that MyD&8 preferentially interacts with the
cytoskeleton as an inactive form, followed by release into the
cytoplasm and recruitment 1o TLRs after ligation-dependent ac-
tin rearrangement. Indeed, inhibition of actin rearrangement by
cytochalasin D suppresses LPS-induced signal transduction and
cytokine production (5). In addition, cytochalasin D also alters
TIRAP recruitment to the cytoplasmic membrane (23). NO re-
striction of MyDSS function may be achieved through disruption
of the protein complex and dissociation of MyD88 from the actin
cytoskeleton 1o the cytoplasm (Fig. 4A 10 E}. NO also reduces the
interaction of MyDB8 with TIRAP (Fig. 3). These effects may
ultimately result in mitigated potential for the ligation-dependent
recruitment of MyD88 to TLRs.

We found that S nitrosylation of MyDS8 plays some roles in
NO modulation of TLR signal transduction. Interestingly,
eight of the nine cysteine residues of MyD88S are concentrated
in the TIR domain, but the C-terminal DD contains no cys-
teine residue, suggesting that cysteine modification affects
TIR-TIR interaction but not DD-DD interaction. Indeed, NO
attenuated the interaction of MyD8R with TIRAP but not that
with TRAK-1 (Fig. 3), This result is supported by the result
found by Xiong ct al. (52) showing that SNAP treatment did

- 53 -
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FIG. 6. Roles of eNOS and INOS in early innate immune responses in vivo. (A) Peritoneal macrophages from wild-type mice were stimulated
with 100 ng/ml LPS and 10 ng/mi gamma interferon for the indicated periods. Then, expression levels of mRNAs of Mip-2 and /-6 were determined
by quantitative PCR. Percent mRNA expression was calculated by taking the maximum values of mRNA levels of Mip-2 and fl-6 as 1006, (B, C)
Wild-type (WT). eNOS ', and INOS ™"~ mice were i.p. treated with LPS. After 2 h, PBS was injected into the abdominal cavity and fluids were
collected for measurement of the amounts of MIP-2 (B) and IL-6 (C) by ELISA. Each value is the mean = SD (n = 6). (=, F < 0.01 for comparison
with wild-type mice). (D) Wild-type, eNOS ", and INOS ' mice were i.p. trested with LPS. The colonic temperature was monitored at S-min
intervals during a period of 10 min before and 120 min after LPS administration, Each value is the mean = SD (n = 6). (=, P < 0,01 for comparison

with wild-type mice),

not affect the interaction of MyDS8S8 with TRAK-1 in mouse
macrophages. Although 8 nitrosylation of the Cys216 residue
of MyD8S may participate in the NO regulation of TLR signal
transduction, it is likely that this modification does not have a
dominant effect, because Cys216 was not essential for activa-
tion of downstream signaling (Fig. 1G). NO modification of
Cys216 may yield a slight structural change in the base of the
TIR domain, resulting in slightly reduced interaction with a
counterpart TIR domain of TIRAP. Alternatively, NO may
antagonize other reversible modifications, such as palmitoy-
lation or disulfide bonding to a counterpart molecule, leading
to transient impairment of MyD88 functioning. Also, other
unknown mechanisms for MyD8S regulation may be negatively
influenced by S nitrosylation.

We [ound that eNOS and iNOS differentially regulate LPS-
induced acute-phase immune responses in vivo (Fig. 6). Al-
though the amount of NO derived from eNOS is comparatively
small, NO is steadily generated from endothelial cells as a
vasodilatory gas that continually maintains an antiproliferative
and antispoptotic environment in vasculatures (16). Simulta-
neously, eNOS increases the amounts of cellular S-nitrosylated
proteins and circulating NO donors by nitrosylating GSH and
albumin (40). Such functions of NO from eNOS may system-
ically reduce cellular reactivity 1o a TLR stimulus to maintain
a weak tolerance, which may lead to prevention of a rapid rise
of inflammation. In contrast, NO from iNOS is generated in
large quantities and exerts a strong antimicrobial action, al-
though NO from eNOS also has an antimicrobial property (4,

29), The large amount of NO derived from iNOS is thought to
disrupt cellular signaling cascades, resulting in anti-inflamma-
tory or immunosuppressive effects. Such functions of NO from
iNOS may regionally reduce cellular reactivity to TLR recog-
nition of pathogens to initiate an inducible tolerance, which
may transiently prevent promotion of excess inflammatory re-
sponses, although excess NO production ultimately results in
nitrosative stress and apoptotic cell death (12, 26).

Our study proposes that TLR signal transduction involves an
oxidative protein modification by NO and its redox regulation.
NO may exert other effects, such as activation of cyclic-GMP-
dependent signaling, on TLR signaling events, but such effects
may not be dominant, at least in the acute-phase innate im-
mune responses. Further investigations will be necessary to
clarify more details about the relationship between such NO
regulation and physiological or pathophysiological innate im-
mune responses,
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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-
p ts 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-y
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 [CAM-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 modulators, 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 ionophores, 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, interceflular adhesion molecule 1;
BAPTA-AM, 1,2-bis[2-aminophenoxy)ethane-NNN' N -tetraacetic acid-
:camxvmelhyl es'ter FSL-1, symhe!lc S-dipalmitoylglyceryl-CGDPKHPKSF

ived from Mycog salivarium; HAEC, human aortic endothelial cell;
HUVEC, human umblllca{ vein endothelial cell; IRAK, IL-1R-associated
kinase; LTA, lipoteichoic acid; MALP-2, synthetic S-dipalmitoylglyceryl-
CGNNDESNISFKEX derlved frnrn Mycoplasma fermentans; Pam,CSK,, syn-
thetic N-pal fi-S-dipalmitoylglyceryl-CSKKKK derived from £, coli; PGN,
pep!bdoglytan, PI.C phusphulipasa C; TLR, Toll-like receptor; TNF, tumor
necrosls factor; TNFR, TNF receptor; TRAF, TNFR-associated factor; VWF,
von Willebrand factor; LPS, lipopolysaccharide; IL-1R, interleukin-1 recep-
tor; siRNA, small interference RNA; ELISA, enzyme-linked immunosarbent
assay; PLIK, phosphatidylinositol 3-kinase; IFN, interferon.
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