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Summary

The effect of Pam3CSK4, a Toll-like receptor 2 (TLR2) ligand, on inter-

feron-c (IFN-c) -induced nitric oxide (NO) production in mouse vascular

endothelial END-D cells was studied. Pre-treatment or post-treatment

with Pam3CSK4 augmented IFN-c-induced NO production via enhanced

expression of an inducible NO synthase (iNOS) protein and mRNA.

Pam3CSK4 augmented phosphorylation of Janus kinase 1 and 2, followed

by enhanced phosphorylation of signal transducer and activator of tran-

scription 1 (STAT1) at tyrosine 701. Subsequently, the enhanced STAT1

activation augmented IFN-c-induced IFN-regulatory factor 1 expression

leading to the iNOS expression. Pam3CSK4 also induced the activation of

p38 and subsequent phosphorylation of STAT1 at serine 727. A pharma-

cological p38 inhibitor abolished the augmentation of IFN-c-induced NO

production by Pam3CSK4. Surprisingly, Pam3CSK4 enhanced a physical

association of MyD88 and IFN-c receptor. Together, these findings sug-

gest that Pam3CSK4 up-regulates IFN-c signalling in vascular endothelial

cells via the physical association between MyD88 and IFN-c receptor a,

and p38-dependent serine 727 STAT1 phosphorylation.

Keywords: interferon-c receptor; MyD88; Pam3CSK4; Toll-like receptor 2;

vascular endothelial cells.

Introduction

Vascular endothelial cells are critical targets for microbial

products and are directly exposed to them.1 A series of

Toll-like receptors (TLRs), which are innate immune pat-

tern recognition receptors, recognize a variety of microbial

products and activate vascular endothelial cells in response

to microbial products.2,3 Upon TLR stimulation, several

TLR ligands trigger nuclear factor-jB (NF-jB) and mito-

gen-activated protein kinases (MAPKs) via MyD88 adaptor

molecule, and subsequently leads to production of pro-

inflammatory mediators.2 The TLR signalling is reported

to cooperate with the interferon-c (IFN-c) signalling path-

way by influencing the activity of transcription factors,

such as signal transducer and activator of transcription 1

(STAT1).4 In fact, stimulation of macrophages with a series

of TLR ligands [e.g. lipoteichoic acid, lipopolysaccharide

(LPS), imiquimod, CpG DNA] followed by IFN-c is well

known to cause a significant increase of STAT1 activation,

and it leads to higher STAT1-dependent transcription

activities compared with ligands alone.5–8 Similarly, we

have demonstrated that in vascular endothelial cells LPS as

a TLR4 ligand augments IFN-c-induced nitric oxide (NO)

production via enhanced IFN-regulatory factor 1 (IRF1)

expression in the IFN-c signalling.9,10 However, the precise

action of other TLR ligands on the IFN-c signalling in

Abbreviations: ERK, extracellular signal-regulated kinase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IFN-c, interferon-
c; IFN-cRa, IFN-c receptor a; iNOS, inducible NO synthase; IRF1, interferon regulatory factor 1; JAK, Janus kinase; JNK, c-Jun
N-terminal kinase; LPS, lipopolysaccharide; MAPK, mitogen-activated protein kinase; MyD88, myeloid differentiation primary
response gene 88; NF-jB, nuclear factor-jB; NO, nitric oxide; RT-PCR, reverse transcription-polymerase chain reaction; siRNA,
small interfering RNA; STAT1, signal transducer and activator of transcription 1; TLR, Toll-like receptor
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vascular endothelial cells is unknown. In this study, we

examined the effect of a series of TLR ligands on IFN-c-
induced NO production by using murine vascular endo-

thelial END-D cells and found their enhancing effect on

the NO production. Among the TLR ligands tested, we

focused on the enhancing mechanism of Pam3CSK4, a

TLR2 ligand, because TLR2 is expressed on the cell surface

and uses the signalling pathway similar to LPS. Interest-

ingly, we found that Pam3CSK4 caused a physical associa-

tion between MyD88 and IFN-c receptor, and further p38-

mediated STAT1 at serine 727 (S727) phosphorylation in

response to IFN-c.

Materials and methods

Reagents

Mouse recombinant IFN-c was purchased from Pepro-

Tech (Rocky Hill, NJ). Pam3CSK4, poly I:C, imiquimod

and CpG DNA were obtained from Invivogen (San

Diego, CA). Lipopolysaccharide from Escherichia coli O55:

B5 and parthenolide were purchased from Sigma Chemi-

cals (St Louis, MO). Bay 11-7082, SB 203580, SB 202474

and PD 98059 were obtained from Calbiochem (Gibbs-

town, NJ). An anti-inducible NO synthase (anti-iNOS)

antibody was obtained from BD Transduction Laborato-

ries (Franklin Lakes, NJ). A series of antibodies to STAT1,

Janus kinase 1 (JAK1), JAK2, p65, p38, extracellular sig-

nal-regulated kinase 1/2 (ERK1/2), c-Jun N-terminal

kinase (JNK) and their phosphorylated forms were pur-

chased from Cell Signaling Technology (Beverly, MA).

Antibodies to IRF1, IFN-c receptor a (IFN-cRa), MyD88,

IjB-a and actin (C-11) were obtained from Santa Cruz

Biotechnology (Santa Cruz, CA).

Cell culture

The murine aortic endothelial cell line END-D, which is

positive for vascular cell adhesion molecule-1 and intracel-

lular cell adhesion molecule-1, and negative for E-selec-

tin,9,10 were maintained in Dulbecco’s modified Eagle’s

medium (Sigma, St Louis, MO) containing 10% heat inac-

tivated fetal calf serum (FCS; Gibco-BRL, Gaithersburg,

MD) and antibiotic cocktail from Sigma (penicillin G,

streptomycin and amphotericin B) at 37° under 5% CO2.

The cells were treated with the 0�05% trypsin/EDTA solu-

tion (Gibco-BRL) for preparing the cell suspension. The

murine macrophage cell line RAW 264.7 was obtained

from the Riken Cell Bank (Tsukuba, Japan) and main-

tained with RPMI-1640 medium containing 5% FCS.

Determination of nitrite concentration

Nitrite, the end product of NO metabolism, was mea-

sured using the Griess reagent as described elsewhere.11

Briefly, END-D cells were seeded in a 96-well plastic

plate, pre-treated with Pam3CSK4 and then stimulated

with IFN-c. To measure the nitrite concentration, the cul-

ture supernatant (50 ll) was mixed with an equal volume

of Griess reagent for 2 min. The nitrite concentration in

each culture supernatant was measured as absorbance at

570 nm (A570) with reference to the standard curve using

sodium nitrite.

Luciferase reporter gene assay for iNOS activation

END-D cells (4 9 105 cells/well) were incubated in a 35-

mm plastic dish for 14 hr. The cells were transfected with

0�2 lg/well of iNOS-luc luciferase reporter gene and

0�05 lg/well of pRL-TK plasmid (Promega, Madison, WI)

as an internal control by lipofectamine transfection

reagent (Invitrogen, Carlsbad, CA) for 24 hr. The trans-

fection medium was then replaced with growth medium

containing 5% FCS and no antibiotics, and the cells were

maintained for 6 hr. The transfected cells were replaced

into a 96-well plate, pre-treated with or without

Pam3CSK4 for 1 hr and then stimulated with IFN-c for

6 hr. The cells were treated with the lysis reagent and the

luciferase activity was determined with the dual luciferase

assay kit (Promega). The luciferase activity in the cell ly-

sates was determined with a luminometer and the fold

increase is expressed by the ratio in comparison to con-

trol cells.

Immunoblotting

Immunoblotting was carried out as described else-

where.9,12 Briefly, the whole cell lysates were extracted by

the lysis buffer (50 mM Tris–HCl, pH 8�0, 150 mM NaCl,

10% glycerol, 1 mM EGTA, 0�2 mM EDTA, 1% Nonidet

P-40, 1 mM dithiothreitol) with protease inhibitors

(1 mM PMSF, 5 lg/ml pepstatin, 10 lg/ml chymostatin

and leupeptin) at 4°. The protein concentration of each

sample was determined by the bicinchoninic acid protein

assay reagent (Pierce, Rockford, IL). Equal amounts of

protein were subjected to analysis with SDS–PAGE under

reducing conditions. The proteins were electrically trans-

ferred to a membrane and the membranes were treated

with a series of appropriately diluted antibodies. An anti-

actin antibody was used for a negative control. The

immune complexes were detected with horseradish

peroxidase-conjugated second antibody (Cell Signaling

Technology) at 1 : 2000 for 1 hr. The protein bands were

visualized using a chemiluminescence reagent (Pierce)

and the chemiluminescence was detected by a light cap-

ture system analyser AE6955 (Atto, Tokyo, Japan). For

re-probing, the membranes were stripped with the restore

Western blot stripping buffer (Thermo Scientific, Rock-

ford, IL) for 20 min and treated with corresponding

antibodies. The molecular sizes of the antigens were
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determined by comparison with a pre-stained protein size

marker kit (Invitrogen). To quantify the expression of

each molecule, an equal area of each band image on an

immunoblotted membrane was gated and the intensity of

the band was calculated using IMAGEJ software (National

Institutes of Health, Bethesda, MA).

Immunoprecipitation

END-D cells were suspended in 0�5 ml of the lysis buffer

at 4°. Lysates were separated by centrifugation at 4°.
Aliquots of lysate (500 lg of protein) were mixed with

20 ll of protein G–Sepharose (Amersham Biosciences,

Piscataway, NJ) for 1 hr with intermittent agitation at

4°. After centrifugation, the supernatant was incubated

with 2 lg/ml of anti-IFN-cRa antibody overnight at 4°
with shaking. Immune complexes were adsorbed on

protein G-Sepharose and washed three times with the

lysis buffer. Finally, immunoblotting was performed as

described above.

Semi-quantitative RT-PCR

The semi-quantitative RT-PCR was performed as

described previously.13 Briefly, RNA was extracted from

the cells with an RNeasy mini kit (Qiagen, Valencia,

CA). RT-PCR was carried out using the Access Quick

RT-PCR system (Promega). Primers with iNOS sequence:

forward 5’-GTCTTGCAAGCTGATGGTCA-3’ and reverse

5’-TGTCTTGGGATCTGGCTCTT-3’, and glyceraldehyde

3-phosphate dehydrogenase (GAPDH) sequence: forward

5’-ATGGGGAAGGTGAAGGTCGGAGTC-3’ and reverse

5’-GCTGATGATCTTGAGGCTGTTGTC-3’ were obtained

from Invitrogen. GAPDH was used as an equal loading

control. Optimized RT-PCR conditions were 45° for

45 min followed by 95° for 2 min and 32 cycles at 95°
for 45 seconds, 62° for 30 seconds, 70° for 30 seconds.

The PCR products were analysed by electrophoresis on

2% agarose gels. The gels were stained with CYBR Gold

nucleic acid gel stain (Molecular Probe, Invitrogen) and

visualized under an ultraviolet transilluminator. The 100

base pair DNA size marker (Invitrogen) was also run to

determine the approximate size of the product.

Transfection of small interfering RNA

MyD88-specific pool and a non-targeting small interfer-

ing RNA (siRNA) were obtained from Santa Cruz Bio-

technology. END-D cells were seeded at a concentration

of 1�2 9 105 cells/well in a 12-well culture plate in anti-

biotic-free complete growth medium with reduced FCS.

After overnight incubation, the cells were transfected

with TransIT-TKO transfection reagent (Mirus Bio,

Madison, WI) according to the manufacturer’s protocol.

Briefly, MyD88 or control siRNA (100 nM) was diluted

in 100 ll/well OPTI–MEM medium (Gibco-BRL) and

transfection complexes were prepared by incubating for

30 min with 5 ll/well TransIT-TKO transfection reagent.

After 24 hr of incubation, an additional half of culture

medium containing FCS and antibiotics was added to

each well. Finally, transfected and untreated cells were

stimulated with Pam3CSK4 (10 lg/ml) and IFN-c
(100 ng/ml) and the efficiency of MyD88 silencing was

evaluated by immunoblotting and nitrite determination,

respectively.

Statistical analysis

Experimental values are represented as the mean � stan-

dard deviation from at least three independent experi-

ments. The significance of differences between experimental

and control groups was determined by the Student’s t-test.

A value of P < 0�01 was considered statistically significant.

Results

Pam3CSK4 as a TLR2 ligand up-regulates IFN-c-
induced NO production in vascular endothelial
END-D cells

First, the effect of a series of TLR ligands on IFN-c-
induced NO production was examined by using vascular

endothelial END-D cells. Cells were pre-treated with each

TLR ligand at the serial 10-fold dilution for 1 hr and then

stimulated with IFN-c at 100 ng/ml for 24 hr. All TLR

ligands including Pam3CSK4 (a TLR2 ligand), poly I:C (a

TLR3 ligand), LPS (a TLR4 ligand), imiquimod (a TLR7

ligand), and CpG DNA (a TLR9 ligand) up-regulated IFN-

c-induced NO production in a roughly concentration-

dependent manner (Fig. 1a). Any TLR ligand alone and

untreated control did not induce NO production in END-

D cells. In this study we focused on the enhancing action

of Pam3CSK4 because we previously reported the augmen-

tation of IFN-c-induced NO production by LPS,9,10 and

both TLR2 and TLR4 are expressed on the cell surface and

use the similar signal pathway using MyD88.14

Second, the time course of IFN-c-induced NO produc-

tion in cells pre-treated with or without Pam3CSK4 was

examined (Fig. 1b). Cells were pre-treated with or without

Pam3CSK4 at 10 lg/ml for 1 hr and then stimulated with

IFN-c at 100 ng/ml for various lengths of time. Interferon-

c gradually increased the NO production up to 48 hr in

untreated control cells. In contrast, Pam3CSK4 pre-treat-

ment augmented and accelerated IFN-c-induced NO pro-

duction. The NO production in cells pre-treated with

Pam3CSK4 reached a peak at 24 hr. In addition,

Pam3CSK4 at 10 lg/ml exhibited no cytotoxic action

against the cells by determining with an 3-(4,5-dimethyl-2-

thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT)

assay (data not shown).
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Third, the effect of pre-treatment or post-treatment

with Pam3CSK4 on IFN-c-induced NO production was

examined (Fig. 1c). Cells were pre-treated or post-treated

with Pam3CSK4 at 10 lg/ml for various hours before

and after the stimulation with IFN-c at 100 ng/ml for

24 hr. Treatment with Pam3CSK4 from � 6 hr to + 6 hr

significantly augmented IFN-c-induced NO production.

However, pre-treatment with Pam3CSK4 for 12 hr did

not augment it. For further characterization of the

enhancing effect of Pam3CSK4, END-D cells were

pre-treated with Pam3CSK4 at 10 lg/ml for 1 hr and

then stimulated with IFN-c at 100 ng/ml for 24 hr unless

otherwise stated.

Pam3CSK4 augments the expression of iNOS protein
and mRNA in response to IFN-c

The effect of Pam3CSK4 on IFN-c-induced iNOS protein

expression was examined with immunoblotting. Cells

were pre-treated with or without Pam3CSK4 and then

stimulated with IFN-c for 24 hr. Immunoblotting analysis

showed the enhanced iNOS protein expression in cells

pre-treated with Pam3CSK4 (approximately threefold

increase, Fig. 2a). The effect of Pam3CSK4 on IFN-c-
induced iNOS mRNA expression was also examined with

semi-quantitative RT-PCR. Cells pre-treated with or with-

out Pam3CSK4 were stimulated with IFN-c for 6 hr.

RT-PCR analysis showed the enhanced expression of

iNOS mRNA in cells pre-treated with Pam3CSK4

(approximately twofold increase, Fig. 2b).

Pam3CSK4 augments IFN-c-induced IRF1 expression

Interferon regulatory factor 1 is up-regulated by IFN-c in

a STAT1-dependent manner and is mainly involved in
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Figure 1. Effect of a series of Toll-like receptor (TLR) ligands on

interferon-c (IFN-c) -induced nitric oxide (NO) production. (a)

END-D cells were pre-treated with Pam3CSK4 (TLR2), poly I:C

(TLR3), lipopolysaccharide (LPS; TLR4), imiquimod (TLR7) or CpG

DNA (TLR9) at 0�1, 1 and 10 lg/ml for 1 hr and then stimulated

with IFN-c at 100 ng/ml for 24 hr. (b) Cells were pre-treated with

Pam3CSK4 at 10 lg/ml for 1 hr and then stimulated with IFN-c at

100 ng/ml for various numbers of hours. (c) Cells were treated with

Pam3CSK4 at 10 lg/ml for various numbers of hours before and

after stimulation with IFN-c at 100 ng/ml for 24 hr. *P < 0�01 ver-

sus IFN-c alone.
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Figure 2. Effect of Pam3CSK4 on interferon-c (IFN-c) -induced

inducible nitric oxide synthase (iNOS) protein and mRNA expres-

sion. END-D cells were pre-treated with or without Pam3CSK4 at

10 lg/ml for 1 hr and then stimulated with IFN-c at 100 ng/ml for

24 hr (a) or 6 hr (b). The expression of iNOS protein (a) and

mRNA (b) was determined by immunoblotting and RT-PCR, respec-

tively. A typical experiment of three independent experiments is

shown.
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IFN-c-induced iNOS expression.15 The effect of

Pam3CSK4 on IFN-c-induced IRF1 expression was exam-

ined with immunoblotting. Cells were pre-treated with or

without Pam3CSK4 and then stimulated with IFN-c for

2 hr. Although IFN-c induced the expression of IRF1

protein, Pam3CSK4 further augmented it (approximately

twofold increase, Fig. 3a), although it alone did not

induce the IRF1 expression. The effect of Pam3CSK4 on

the transcription of the iNOS gene was examined with a

luciferase assay using iNOS-reporter gene (Fig. 3b).

Pam3CSK4 enhanced the luciferase activity in response to

IFN-c, suggesting that Pam3CSK4-induced IRF1 enhance-

ment might be efficient for the iNOS transcription.

Pam3CSK4 augments the phosphorylation of STAT1
at tyrosine 701 (Y701) in response to IFN-c

The activation of STAT1 is required for IFN-c-induced
IRF1 expression and is mediated by phosphorylation of

STAT1 at Y701, leading to the dimerization.16 Therefore,

the effect of Pam3CSK4 on IFN-c-induced phosphoryla-

tion of STAT1 at Y701 was examined with immunoblot-

ting. Cells were pre-treated with or without Pam3CSK4

and then stimulated with IFN-c for 2 hr. Interferon-c
alone induced phosphorylation of STAT1 at Y701 and

Pam3CSK4 pre-treatment significantly augmented it

(approximately threefold increase, Fig. 4a).

The time course of the enhancing effect of Pam3CSK4

on IFN-c-induced phosphorylation of STAT1 at Y701 was

examined. Immunoblotting analysis showed that IFN-c
gradually induced phosphorylation of STAT1 at Y701 in a

time-dependent manner. On the other hand, Pam3CSK4

rapidly augmented at 0�5 hr and accelerated IFN-c-
induced Y701 STAT1 phosphorylation (Fig. 4b).

Pam3CSK4 up-regulates IFN-c-induced JAK1 and
JAK2 activation

Interferon-c-induced STAT1 phosphorylation is mediated

by activation of JAK1 and JAK2 as upstream molecules

of STAT1.4 Therefore, the effect of Pam3CSK4 on
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Figure 3. Effect of Pam3CSK4 on interferon-c (IFN-c) -induced

interferon regulatory factor 1 (IRF1) expression. (a) END-D cells

were pre-treated with or without Pam3CSK4 at 10 lg/ml for 1 hr

and then stimulated with IFN-c at 100 ng/ml for 2 hr. The expres-

sion of IRF1 protein was determined by immunoblotting. (b) Cells

transfected with inducible nitric oxide synthase (iNOS) -luciferase

reporter gene were pre-treated with or without Pam3CSK4 at 10 lg/
ml for 1 hr and then stimulated with IFN-c at 100 ng/ml for 6 hr.

The iNOS-dependent luciferase activity in the cell lysates was deter-

mined with a luminometer. *P < 0�01 versus IFN-c alone.
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phosphorylation of signal transducer and activator of transcription 1

(STAT1) at Y701. (a) END-D cells were pre-treated with or without

Pam3CSK4 at 10 lg/ml for 1 hr and then stimulated with IFN-c at

100 ng/ml for 2 hr. (b) Cells were pre-treated with or without

Pam3CSK4 at 10 lg/ml for 1 hr and then stimulated with IFN-c at

100 ng/ml for various hours. The expression of STAT1 and phos-

phorylated Y701 (p-Y701) STAT1 was determined by immunoblot-

ting. A typical experiment of three independent experiments is

shown.

ª 2013 John Wiley & Sons Ltd, Immunology, 140, 352–361356

B. Tsolmongyn et al.



IFN-c-induced JAK1 and JAK2 activation was examined

with immunoblotting. Cells were pre-treated with or

without Pam3CSK4 and then stimulated with IFN-c for

0�5 hr. Immunoblotting analysis showed the enhanced

phosphorylation of JAK1 and JAK2 in Pam3CSK4-pre-

treated cells (Fig. 5), suggesting that Pam3CSK4 augments

IFN-c-induced phosphorylation of STAT1 at Y701 via

enhanced JAK1 and JAK2 activation.

No augmentation of IFN-cRa expression in
Pam3CSK4-treated cells

Because the activation of JAK1/2 is triggered by binding

of IFN-c to the receptor,17 a possibility was raised that

Pam3CSK4-treated cells might express a higher level of

IFN-cRa on the cell surface. Cells were treated with or

without Pam3CSK4 and the cell surface expression of

IFN-cRa was analysed with laser flow cytometry. There

was no significant difference in the IFN-cRa expression

on the cell surface between cells treated with or without

Pam3CSK4 (see Supplementary material, Fig. S1).

Role of Pam3CSK4-mediated p38 activation in
augmentation of IFN-c-induced NO production

Pam3CSK4 binds to TLR2 and it leads to the induction

of several transcription factors including NF-jB and

MAPKs in a MyD88-dependent manner.2 The TLR2-med-

iated signal pathway might be involved in augmentation

of IFN-c-induced NO production in cells pre-treated with

Pam3CSK4. First, the effect of Pam3CSK4 on activation

of NF-jB, such as IjB degradation and p65 NF-jB
phosphorylation, in END-D cells was examined in the

presence or absence of IFN-c. Cells were treated with

Pam3CSK4 and/or IFN-c for 0�5 hr. Pam3CSK4 enhanced

neither degradation of IjB-a protein nor phosphorylation

of p65 protein. There was no significant difference in

Pam3CSK4-induced NF-jB activation between the pres-

ence and absence of IFN-c (Fig. 6a). In addition, phos-

phorylated p65 was detected in untreated control cells.

The effect of Pam3CSK4 on phosphorylation of p38,

ERK1/2 and JNK was examined in the presence or

absence of IFN-c. Pam3CSK4 induced the phosphoryla-

tion of p38 but not ERK1/2 and JNK, and IFN-c further

augmented Pam3CSK4-induced p38 activation (Fig. 6b).

On the other hand, IFN-c did not affect Pam3CSK4-

induced activation of ERK1/2 and JNK.

p38 activation is involved in the phosphorylation of
STAT1 at S727 and augments IFN-c-induced NO
production

Toll-like receptor signalling induces the phosphorylation

of STAT1 at S727 via p38 activation.6,7,18,19 As Pam3CSK4
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Figure 6. Effect of interferon-c (IFN-c) on Pam3CSK4-mediated

nuclear factor-jB (NF-jB) and mitogen-activated protein kinases

(MAPKs) activation. END-D cells were stimulated with IFN-c at

100 ng/ml and/or Pam3CSK4 at 10 lg/ml for 0�5 hr. (a) The expres-

sion of IjB-a and phosphorylated p65 (p-p65). (b) The expression

of phosphorylated p38 (p-p38), extracellular signal-regulated kinase

1/2 (p-ERK1/2) and Jun N-terminal kinase (p-JNK). Their expres-

sion was determined by immunoblotting. A typical experiment of

three independent experiments is shown.
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induced p38 activation above, the effect of Pam3CSK4 on

the p38-dependent phosphorylation of STAT1 at S727 was

examined. Cells were treated with Pam3CSK4 at 10 lg/ml

for various periods of time. Pam3CSK4 induced the phos-

phorylation of p38 and STAT1 at S727 30 min after treat-

ment and their phosphorylation continued up to 2 hr

(Fig. 7a), suggesting a close association between p38 acti-

vation and phosphorylation of STAT1 at S727.

The effect of a pharmacological p38 inhibitor on the

Pam3CSK4 plus IFN-c-induced NO production was

examined. Cells were pre-treated with SB 203580 at vari-

ous concentrations or SB 202474 at 10 lM for 1 hr and

then stimulated with Pam3CSK4 plus IFN-c for 24 hr.

Pre-treatment of SB 203580 inhibited Pam3CSK4 plus

IFN-c-induced NO production in a concentration-

dependent manner (45% inhibition at 20 lM), whereas

the negative control SB 202474 did not alter it (Fig. 7b).

The effect of SB 203580 on JAK1/2-dependent phos-

phorylation of STAT1 at Y701 in response to IFN-c plus

Pam3CSK4 was examined. Cells were pre-treated with SB

203580 at 20 lM for 1 hr, incubated with Pam3CSK4 at

10 lg/ml for 1 hr and then stimulated with IFN-c at

100 ng/ml for 2 hr. SB 203580 did not affect the phos-

phorylation of STAT1 at Y701 (Fig. 7c), suggesting that

Pam3CSK4-mediated p38 activation was not involved in

the phosphorylation of STAT1 at Y701.

Pam3CSK4 induces a physical association between
MyD88 and IFN-cRa

Interferon-c stimulation triggers a physical association

between IFN-cRa and MyD88 in macrophages.20 The

effect of Pam3CSK4 on the association between MyD88

and IFN-cRa was examined. Cells were pre-treated with

or without Pam3CSK4 and then stimulated with IFN-c
for 4 hr. Immunoblotting analysis showed a faint band of

MyD88 in the IFN-cRa precipitates from untreated con-

trol cells. A higher amount of MyD88 was detected in

both Pam3CSK4-pre-treated cells and IFN-c-treated cells.

Furthermore, the combined treatment with Pam3CSK4

and IFN-c augmented the physical association between

MyD88 and IFN-cRa (Fig. 8a). The physical association

was also detected in RAW 264.7 macrophage cells in

response to Pam3CSK4 (Fig. 8b). On the other hand,

neither LPS nor poly I:C induced the physical association

in those cells. Similarly, LPS and poly I:C did not induce

the physical association in END-D cells (data not

shown).

MyD88 siRNA abolishes Pam3CSK4-mediated
enhancement of IFN-c-induced NO production

The effect of MyD88 siRNA on IFN-c-induced NO pro-

duction was examined in END-D cells pre-treated with or

without Pam3CSK4. Cells were transfected with MyD88

or control siRNA, pre-treated with Pam3CSK4 for 1 hr

and then stimulated with IFN-c for 24 hr. MyD88 siRNA

but not control siRNA markedly reduced IFN-c-induced
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Figure 7. Effect of Pam3CSK4 on phosphorylation of p38 and signal

transducer and activator of transcription (STAT1) at S727. (a) END-

D cells were treated with Pam3CSK4 at 10 lg/ml for various hours.

The expression of phosphorylated p38 (p-p38) and STAT1 at S727

(p-S727 STAT1) was determined by immunoblotting. (b) Cells were

pre-treated with SB 203580 at various concentrations or SB 202474

at 10 lM for 1 hr, treated with Pam3CSK4 at 10 lg/ml for 1 hr and

then stimulated with interferon-c (IFN-c) at 100 ng/ml for 24 hr.

*P < 0�01 versus Pam3CSK4+ IFN-c. (c) Cells were pre-treated with

or without SB 203580 at 20 lM for 1 hr, treated with Pam3CSK4 at

10 lg/ml for 1 hr and then stimulated with IFN-c at 100 ng/ml for

2 hr. The phosphorylation of STAT1 at Y701 (p-Y701 STAT1) was

determined by immunoblotting. A typical experiment of three inde-

pendent experiments is shown.
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NO production in cells pre-treated with Pam3CSK4

(Fig. 9). MyD88 siRNA also reduced to a lesser extent the

NO production in untreated control cells.

Discussion

We have demonstrated that Pam3CSK4, a TLR2 ligand,

up-regulates IFN-c-induced NO production via enhanced

IFN-c signalling in vascular endothelial cells. It is sup-

ported by the augmentation of IFN-c-induced JAK1/2

and STAT1 phosphorylation by Pam3CSK4. Interestingly,

Pam3CSK4 pre-treatment accelerates IFN-c-induced
STAT1 phosphorylation, suggesting that IFN-c more rap-

idly activates the JAK/STAT signalling in cells pre-treated

with Pam3CSK4. Therefore, Pam3CSK4 may up-regulate

the IFN-c signalling more rapidly and more strongly, fol-

lowed by higher expression of IFN-c-induced genes. Once

again, Pam3CSK4 up-regulates IFN-c-induced NO pro-

duction in vascular endothelial cells via enhanced IFN-c
signalling.

The augmentation of IFN-c signalling by Pam3CSK4 is

mediated by two different mechanisms; one is a physical

association between IFN-cRa and MyD88; the other is

p38-dependent phosphorylation of STAT1 at S727. Sur-

prisingly, Pam3CSK4 causes a physical association

between IFN-cRa and MyD88 before IFN-c stimulation

and this association may lead to an augmentation of the

phosphorylation of JAK1/2 in response to IFN-c. Inter-
feron-c is reported to trigger a physical association

between IFN-cR1 and MyD88, and stabilize IFN-c-
induced mRNA transcripts.20 However, our experimental

result shows that Pam3CSK4 pre-treatment causes the

physical association between IFN-cRa and MyD88 before

IFN-c stimulation and subsequently augments IFN-c-
induced JAK1/2 phosphorylation. It indicates that their

association leads to enhanced IFN-c signalling rather than

transcript stabilization. On the other hand, the physical

association occurs after IFN-c stimulation in the absence

of Pam3CSK4 and therefore IFN-c signalling is not aug-

mented. Although the involvement of transcript stabiliza-

tion20 is not excluded, this is the first report that TLR2

stimulation up-regulates IFN-c signalling via the physical

association between IFN-cRa and MyD88. The phenome-

non might occur in various cell types including vascular

endothelial cells and macrophages.
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Figure 8. Effect of Pam3CSK4 and interferon-c (IFN-c) on the physi-

cal association between MyD88 and interferon-c receptor a (IFN-cRa).
(a) END-D cells were stimulated with Pam3CSK4 at 10 lg/ml and/or

IFN-c at 100 ng/ml for 4 hr. (b) RAW 264.7 cells were stimulated

with Pam3CSK4 (10 lg/ml), poly I:C (10 lg/ml) or lipopolysaccha-

ride (LPS; 10 lg/ml) for 2 hr. Cell lysates were immunoprecipitated

(IP) with anti-IFN-cRa antibody and the immunoprecipitates

were immunoblotted (IB) with anti-MyD88 antibody. Cell lysates were

also analysed with anti-IFN-cRa, anti-MyD88 and anti-actin

antibodies.

MyD88 33 000

43 000Actin

siRNA

12

8

N
itr

ite
 (

μM
)

4

0

None

None
Control siRNA

MyD88 siRNA

*

*

IFN-γ Pam3CSK
+ IFN-γ

– Cont MyD88

Figure 9. Effect of MyD88 small interfering RNA (siRNA) on inter-

feron-c (IFN-c) -induced nitric oxide (NO) production in pre-treat-

ment with or without Pam3CSK4. END-D cells were transfected
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MyD88 protein was determined by immunoblotting (top). MyD88
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NO production (bottom). *P < 0�01 versus control siRNA.
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The activation of STAT1 by phosphorylation at Y701 is

mediated by the IFN-cRa/JAK complex.16 Pre-treatment

with Pam3CSK4 enhances JAK1/2 activation via the asso-

ciation between MyD88 and IFN-cRa and augments the

phosphorylation of STAT1 at Y701. The phosphorylation

of STAT1 at Y701 is essential for STAT1 dimerization

and IRF1 induction in IFN-c-induced NO production.4

Therefore, the augmentation of IFN-c-induced NO pro-

duction with Pam3CSK4 is primarily mediated by the

enhanced phosphorylation of STAT1 at Y701.

Besides the JAK1/2-dependent phosphorylation of

STAT1 at Y701, Pam3CSK4 induces STAT1 phosphoryla-

tion at S727 via p38 activation. The STAT1 phosphoryla-

tion at S727 seems to be important for signal integration

between TLR and IFN-c signalling pathways. Signalling

initiated by a number of TLR agonists (e.g. lipoteichoic

acid, LPS, imiquimod, CpG DNA) is reported to induce

S727 STAT1 phosphorylation via activation of the p38

MAPK pathway.6,7,18,19 Stimulation of macrophages with

a series of TLR ligands followed by IFN-c results in a

significant increase of STAT1 phosphorylation at both

Y701 and S727, and it leads to higher induction of

STAT1-dependent transcription compared with agonists

alone.5,6,21,22 It corresponds to our finding using vascular

endothelial END-D cells, that STAT1 at S727 is more

strongly phosphorylated in response to Pam3CSK4. Phos-

phorylation of STAT1 at both Y701 and S727 causes full

activation of STAT1, leading to high expression of IFN-c-
induced genes.

Vascular endothelial cells are critical targets for micro-

bial products.1 The present study demonstrates that a

TLR2 ligand, Pam3CSK4, enhances NO production in

vascular endothelial END-D cells. Besides Pam3CSK4 as a

TLR2 ligand, a series of other TLR ligands such as poly I:

C for TLR3, LPS for TLR4, imiquimod for TLR7, and

CpG DNA for TLR9 augment IFN-c-induced NO produc-

tion, suggesting that TLR stimulation may regulate IFN-c
signalling in vascular endothelial cells. Previously we

reported that LPS promoted IFN-c-induced NO produc-

tion in vascular endothelial END-D cells.9,10 Based on

our finding, a possibility is raised that a series of TLR sig-

nalling may augment IFN-c-induced NO production via a

physical association between MyD88 and IFN-cRa. How-

ever, neither LPS nor poly I:C augments the physical

association, suggesting that the physical association might

be specific for TLR2 signalling with Pam3CSK4. It is of

interest to clarify how each TLR ligand augments IFN-c-
induced NO production.

In conclusion, Pam3CSK4 up-regulates IFN-c-induced
NO production via enhanced IFN-c signalling in vascular

endothelial cells. Pam3CSK4 augments the IFN-c signal-

ling via a physical association between MyD88 and IFN-

cRa before IFN-c stimulation. Further, it augments the

phosphorylation of STAT1 at S727 in the IFN-c signalling

via p38 activation. TLR signalling may regulate IFN-c

signalling in the expression of IFN-c-induced genes in

vascular endothelial cells.
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