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Background and Objective: Many physiological and pathophysiological conditions

are attributable in part to cytoskeletal regulation of cellular responses to signals.

Moesin (membrane-organizing extension spike protein), an ERM (ezrin, radixin

and moesin) family member, is involved in lipopolysaccharide (LPS)-mediated

events in mononuclear phagocytes; however, its role in signaling is not fully

understood. The aim of this study was to investigate the LPS-induced moesin

signaling pathways in macrophages.

Material and Methods: Macrophages were stimulated with 500 ng/mL LPS in

macrophage serum-free medium. For blocking experiments, cells were

pre-incubated with anti-moesin antibody. Moesin total protein and

phosphorylation were studied with western blotting. Moesin mRNA was assessed

using quantitative real-time PCR. To explore binding of moesin to LPS, native

polyacrylamide gel electrophoresis (PAGE) gel shift assay was performed. Moesin

immunoprecipitation with CD14, MD-2 and Toll-like receptor 4 (TLR4) and

co-immunoprecipitation of MyD88–interleukin-1 receptor-associated kinase

(IRAK) and IRAK–tumor necrosis factor receptor-activated factor 6 (TRAF6)

were analyzed. Phosphorylation of IRAK and activities of MAPK, nuclear

factor jB (NF-jB) and IjBa were studied. Tumor necrosis factor a,
interleukin-1b and interferon b were measured by ELISA.

Results: Moesin was identified as part of a protein cluster that facilitates LPS

recognition and results in the expression of proinflammatory cytokines.

Lipopolysaccharide stimulates moesin expression and phosphorylation by binding

directly to the moesin carboxyl-terminus. Moesin is temporally associated with

TLR4 and MD-2 after LPS stimulation, while CD14 is continuously bound to

moesin. Lipopolysaccharide-induced signaling is transferred downstream to p38,

p44/42 MAPK and NF-jB activation. Blockage of moesin function interrupts the

LPS response through an inhibition of MyD88, IRAK and TRAF6, negatively

affecting subsequent activation of the MAP kinases (p38 and ERK), NF-jB
activation and translocation to the nucleus.

Conclusion: These results suggest an important role for moesin in the innate

immune response and TLR4-mediated pattern recognition in periodontal

disease.
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Cytoskeletal proteins are involved in

many cellular functions, including

regulation of the actin cytoskeleton,

control of cell shape, adhesion and

motility, and modulation of signaling

pathways (1). Many physiological and

pathophysiological conditions are

attributable in part to cytoskeletal reg-

ulation of cellular responses to external

and internal cell signals. Moesin

(membrane-organizing extension spike

protein) is a previously described cyto-

skeletal protein, which belongs to the

ezrin–radixin–moesin (ERM) family

(2,3). The ERM proteins are expressed

in several cell types, and recent data

suggest unique roles for these proteins

(4). Phosphorylation of moesin trans-

forms the protein from an inactive into

an active stage and mediates its binding

to surrounding cytoskeletal proteins

or F-actin (5,6). Previous publications

suggested a role for the cytoskeletal

protein moesin in lipopolysaccharide

(LPS)-induced immune responses (7,8).

Inhibition of moesin expression ablates

LPS responsiveness, and blockage of its

function using an anti-moesin antibody

inhibits the release of tumor necrosis

factor a (TNF-a) by LPS-stimulated

monocytes/macrophages (8). Homozy-

gous moesin knockout mice exhibit a

threefold reduction in neutrophil infil-

tration in response to LPS injection (7).

However, a complete understanding of

signaling cascades associated with

moesin and LPS is lacking.

Inflammatory cytokines and other

soluble mediators are expressed in

LPS-stimulated macrophages through

activation of transcription factors,

including nuclear factor jB (NF-jB)
and activator protein-1 (AP-1; 9–11).

The LPS recognition pathway includes

LPS binding protein (LBP), a serum

glycoprotein that first binds to the

lipid A moiety of LPS (12–14) followed

by binding of the LPS–LBP complex to

CD14 (13,15,16). Mice with a targeted

deletion of the gene encoding CD14 are

hyporesponsive to LPS and resistant to

the lethal effects of LPS (16); however,

mice lacking CD14 still respond to high

concentrations of LPS (17). CD14 is

a glycosylphosphatidylinositol (GPI)-

anchored molecule that lacks a cyto-

plasmic signaling domain and is there-

fore incapable of downstream signaling

(18). The mammalian homologues of

the Drosophila Toll protein, identified

as Toll-like receptor (TLR) proteins,

mediate the response to LPS (19). The

TLR proteins possess leucine-rich

extracellular repeats that recognize

the LBP–CD14 complex (20), and the

intracellular domain resembles the

interleukin-1b (IL-1b) receptor, hence

the term Toll/IL-1 receptor homology

domain (TIR; 21–23). The TIR domain

in the cytoplasmic portion of the mol-

ecule is essential for triggering activa-

tion of MAP kinases (MAPK) and the

transcription factor, nuclear factor jB
(NF-jB; 24–26). Toll-like receptors

utilize IL-1b signaling components,

including the adaptor protein MyD88,

interleukin-1 receptor-associated ki-

nase (IRAK) and TNF receptor-acti-

vated factor 6 (TRAF6; 19,27,28).

MyD88 contains a death domain

(DD), a highly conserved protein-

binding domain that facilitates inter-

action with another DD-containing

signaling molecule, IRAK (29). Inter-

leukin-1 receptor-associated kinase is

phosphorylated, dissociates from

MyD88 and binds to TRAF6, acti-

vating several downstream kinases

(28–33). Following LPS stimulation,

two signaling pathways have been de-

scribed, the MyD88-dependent and

-independent pathways (26,34–36).

Activation of the MyD88-dependent

pathway results in rapid NF-jB acti-

vation and release of proinflammatory

cytokines, such as TNF-a and IL-1b,
while activation of the MyD88-inde-

pendent pathway results in rapid acti-

vation of interferon regulatory factor 3

(IRF3) leading to interferon b (IFN-b)
release with delayed NF-jB activation

(34,35,37). Anti-moesin antibody

inhibits the release of TNF-a by LPS-

stimulated monocytes. Moesin is the

only Band 4 protein expressed on the

surface of mononuclear phagocytes

(38); its mRNA knockdown ablates

LPS responsiveness (8).

Since LPS is a critical virulence factor

produced by periodontopathogens, the

identification of the signaling pathways

through pattern recognition of LPS and

therefore the specific bacteria will

provide new insights into molecular

mechanisms associated with the cellular

cytoskeleton and an immune response

to LPS stimulation. The role of moesin

during this process is not clear. The aim

of this study was to analyze moesin

phosphorylation and binding activity as

well as the molecular mechanism

downstream of cell signaling events in

macrophages in response to LPS.

Material and methods

Reagents and materials

The cell line THP-1 cells, Vita cell

RPMI 1640 cell culture medium and

fetal bovine serum (FBS) were obtained

from the American Type Culture Col-

lection (ATCC, Manassas, VA, USA).

Moesin and radixin recombinant pro-

teins and C- and N-terminus truncated

proteins were purchased from Promab

(Albany, CA, USA). Macrophage

serum-free medium (M-SFM) and

TRIzol� were obtained from Invitro-

gen Life Technologies (Carlsbad, CA,

USA). TaqMan probes, sense primers

and anti-sense primers of moesin and

b-actin were obtained from Applied

Biosystems (Foster City, CA, USA).

Escherichia coli LPS (strain O55:B5)

and moesin affinity-purified mouse

monoclonal antibody (IgG1) clone 38/

78 were purchased from Sigma (St

Louis, MO, USA). The IRAK mono-

clonal antibody (recognizes active

IRAK at 100 kDa) was from BD

Pharmingen (San Diego, CA, USA).

Rabbit anti-IRAK polyclonal antibody

was from Upstate USA, Inc. (Char-

lottesville, VA, USA). MyD88 anti-

body (agarose-conjugated goat IgG),

protein A/G plus agarose, affinity-

purified TLR4 rabbit polyclonal anti-

body, affinity purified MD-2 rabbit

polyclonal antibody, affinity-purified

rabbit polyclonal phospho-moesin

antibody, affinity-purified CD14 mono-

clonal antibody, TRAF6 monoclonal

antibody, phospho-threonine specific

antibody and actin monoclonal anti-

body, as well as horseradish peroxidase

(HRP)-conjugated appropriate sec-

ondary antibodies, were all purchased

from Santa Cruz Biotechnology (Santa

Cruz, CA, USA). SuperSignal West

Pico chemiluminescent substrate was

from Pierce (Rockford, IL, USA). NF-

jB/p65 ActivELISAKit was purchased

from Imgenex (San Diego, CA, USA).
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Tumor necrosis factor a, IL-1b and

IFN-b ELISA kits were purchased

from R&D Systems (Minneapolis,

MN, USA). p38 and ERK1/2 (p44/42)

MAP kinase activity kits and phospho-

specific IjBa antibody were from Cell

Signaling (Beverly, MA, USA). The

p38 inhibitor SB202190 and p44/42

inhibitor PD98059 were purchased

from Calbiochem (La Jolla, CA, USA).

Polyvinylidene difluoride (PVDF)

transfer membranes were purchased

from Millipore (Bedford, MA, USA).

Protein assay reagents and silver stain-

ing kits were purchased from Bio-Rad

(Hercules, CA, USA). Unless otherwise

specified, all other reagents were pur-

chased from Sigma.

Cell culture, differentiation and
stimulation

Macrophages were differentiated from

THP-1 cells (human acute monocytic

leukemia cell line, which could be

differentiated into macrophages) by

culture in Vita cell RPMI 1640

(supplemented with 10% fetal bovine

serum, 2 mM L-glutamine adjusted to

contain 1.5 g/L sodium bicarbonate,

4.5 g/L glucose, 10 mM Hepes, 1.0 mM

sodium pyruvate and 0.05 mM b-mer-

captoethanol). Cells were then plated in

six-well tissue culture plates and stim-

ulated to differentiate and adhere with

20 ng/mL phorbol 12-myristate 13-

acetate (PMA) for 24 h (39). For all

procedures, cells were cultured at 37�C
in an atmosphere of air containing

5% CO2. Differentiated THP-1 cells

(approximately 8 · 105/mL) were stim-

ulated with 500 ng/mL LPS in macro-

phage serum-free medium (Invitrogen

Life Technologies). Peak response from

LPS stimulation was based on dose–

response experiments. For blocking

experiments, cells were pre-incubated

with anti-moesin antibody (10 lg/mL,

final concentration) for 2 h.

Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis
(SDS-PAGE) and western blot
analysis

To investigate moesin total protein and

phosphorylation upon stimulation,

stimulated cells were lysed and soni-

cated, and supernatant was collected

by centrifugation at 16,000g. The pro-

tein content was determined by Brad-

ford assay (40). Samples were boiled in

Laemmle sample buffer (41), and 5 lg
of protein per lane were separated on

10% SDS-PAGE gels in running buffer

(25 mM Trizma base, [2-Amino-2-(hy-

droxymethyl)-1,3-propanediol, THAM,

Tris base, Tris(hydroxymethyl)amino-

methane, Trometamol] 192 mM glycine

and 0.1% SDS). After electrophoresis,

proteins were transferred to PVDF

membranes in a Tris–glycine–20%

methanol buffer (25 mM Trizma base,

192 mM glycine and 20% methanol);

membranes were blocked with 5%

skim milk in Tris-buffered saline

(10 mM Tris, pH 7.6, and 150 mM

NaCl) with 0.1% Tween-20 (TBS-T)

followed by incubation with either

moesin monoclonal antibody (0.5 lg/
mL; Sigma) or phospho-specific moe-

sin antibody (1:1000 dilution; Santa
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Fig. 1. Expression and phosphorylation of moesin after lipopolysaccharide (LPS) stimula-

tion. (A) Moesin is increasingly expressed in LPS-stimulated macrophages as determined by

Q-PCR. Changes in expression are significant at 30, 60, 90 and 120 min compared with

unstimulated cells (*p < 0.05). (B) Phosphorylation of moesin and total moesin protein are

compared to b-actin by western blot. Phosphorylation of moesin is rapid, appearing at 15 s

followed by dephosphorylation and a second phosphorylation at 30 min. The second

phosphorylation event coincides with the increase in moesin protein. (C) Total moesin

protein per cell is expressed as a ratio of moesin to b-actin. There is a significant increase in

total moesin protein observed at 60, 90 and 120 min (*p < 0.05). (D) Relative ratio of

phospho-moesin to total moesin indicates the phosphorylation events at 15 s and 30 min

(*p < 0.05).
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Cruz Biotechnology) in 5% skim milk

in TBS-T. After washing with TBS-T,

membranes were incubated with the

appropriate HRP-conjugated second-

ary antibody (1:10,000 dilution) in 5%

skim milk in TBS-T, and developed

using enhanced chemiluminescence

(Pierce Biotechnology, Rockford, IL,

USA). Autoradiograms were quanti-

fied using the Bio-Rad imaging system.

Preparation of RNA, reverse
transcription and quantitative real-
time PCR (Q-PCR)

Total RNA was isolated with TRIzol�
using standard procedures (Invitrogen)

and quantified by spectrometry at 260

and 280 nm (Bio-Rad). Complemen-

tary DNA first strand synthesis was

carried out using approximately 50 ng

of total RNA primed with random

hexamers and reverse transcribed using

AML-V reverse transcriptase (Applied

Biosystems). Thermal cycler conditions

were 25�C for 10 min, 48�C for 30 min

and 95�C for 5 min (ABI 9700; Applied

Biosystems). Quantitative real-time

PCR was performed using primers and

TaqMan probes labeled with MGB-

FAM dye specific for human moesin

(Assays-on-demand; Applied Bio-

systems). Standards for moesin and

b-actin were obtained from a 10-fold

serial dilution of cDNA from THP-1

cells. Human b-actin was selected as an

endogenous control and was amplified

using preformulated VIC-TAMRA

labeled TaqMan probes (Endogenous

Control; Applied Biosystems). Quanti-

fication was performed in an auto-

mated thermal cycler (ABI Prism 7000;

Applied Biosystems) according to stan-

dard protocols. Experiments were per-

formed in duplicate for each data point.

Native PAGE gel shift assay for
moesin and LPS

Gel shift assays were performed as

previously described (42). Briefly, re-

combinant proteins (30 lg/mL) for

moesin and radixin (N- and C-termi-

nal) were incubated with sonicated

LPS (0–500 lg/mL) in phosphate-buf-

fered saline (PBS) lacking Ca2+ and

Mg2+ with 1 mM EDTA at 37�C for

30 min. Glycerol and bromophenol

blue were added, and the mixture was

electrophoresed using 4–20% non-

denaturing PAGE at 100–150 V for

2 h in a running buffer containing

192 mM glycine, 24 mM Tris, pH 8.3,

without detergents. Silver staining was

performed according to the manufac-

turer�s instructions (Bio-Rad).

Immunoprecipitation

Cell lysates (0.5–1 mg) were precleared

with normal mouse IgG and protein A/

G agarose beads at 4�C for 1 h, fol-

lowed by overnight immunoprecipita-

tion with goat anti-moesin polyclonal

antibody (1 lg/mL) and protein A/G

agarose beads (20 lL). Beads were

collected by centrifugation for 30 s,

washed three times with lysis buffer,

and resuspended in sample buffer, then

boiled for 5 min followed by SDS-

PAGE. Western blots were developed

with anti-TLR4 (1:500 dilution), anti-

MD-2 (1:750 dilution), anti-CD14

(1:500 dilution) or anti-b-actin anti-

body (1:250 dilutions). Horseradish

peroxidase conjugate was used as the

developing agent. Proteins were visu-

alized on X ray film using the Pierce

chemiluminescence system (Pierce Bio-

technology). Results were confirmed in

three independent experiments.

Co-immunoprecipitation assay for
MyD88–IRAK and IRAK–TRAF6

One microgram of normal goat IgG

was added together with 20 lL of pro-

tein plus A/G agarose to approximately

1 mL of whole cell lysate (0.5–1 mg/mL

protein concentration) and incubated

at 4�C for 60 min. Beads were pelleted

rMoesin-C rMoesin-N

LPS – + – +

Fig. 2. Native PAGE gel shift analysis of

moesin–LPS complex. Carboxyl and amine

halves of recombinant moesin (rMoesin-C,

rMoesin-N) and radixin (30 lg) were incu-

bated in the absence and presence of LPS at

37�C for 30 min. A shift in the electropho-

resis mobility (arrow) was only detected

when rMoesin-C was incubated with LPS

(500 lg/mL). No shift was observed for

rMoesin-N or for either the carboxyl or the

amine half of recombinant radixin (data not

shown).

55 kDa

Western blot:

CD14

90 kDa

→

→

→

→

25 kDa

42 kDa

TLR4

MD-2

β-actin

IP: Moesin

0 1 2.5 5 10 15 30
Time (min)

60 90 120180

Fig. 3. Immunoprecipitation (IP) and western blotting. Cell lysates from control and LPS-

treated samples were immunoprecipitated with anti-moesin antibody, followed by western

blotting using antibodies against CD14, TLR4 or MD-2. Each sample was separated by

SDS-PAGE prior to immunoprecipitation, and western blotting was performed for b-actin as

a control for equal loading. The results show that CD14 co-precipitated with moesin in both

the control and LPS-stimulated conditions, with a stronger signal in stimulated conditions.

There was no association observed between TLR4 or MD-2 and moesin in the resting cell

lysates. After 5 min of stimulation, both TLR4 and MD-2 were observed to co-precipitate

with moesin.
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by centrifugation at 1000g, and super-

natant was transferred to a fresh

microcentrifuge tube. Ten micograms

of MyD88 antibody–agarose conjugate

was then added and incubated at 4�C
overnight with mixing. Beads were

collected by centrifugation, and super-

natant was carefully discarded. Beads

were washed with lysis buffer, centri-

fuged, and the pellet was resuspended

in 50 lL of SDS sample buffer. After

boiling, samples were loaded on 10%

gels. After electrophoresis, western

blotting using anti-IRAK antibody

(BD Pharmingen) at 1:500 dilution was

performed. For IRAK–TRAF6 co-

immunoprecipitation, 4 lg anti-IRAK

rabbit IgG was incubated with cell

lysate overnight at 4�C. Protein A/G

beads were then incubated with the

lysate for 2 h at 4�C. Beads were col-

lected and washed as described above.

After transfer, PVDF membranes were

probed with TRAF6 monoclonal anti-

body (1:1000 dilution).

Phosphorylation assay for
Interleukin-1 receptor-associated
kinase (IRAK)

Interleukin-1 receptor-associated ki-

nase rabbit IgG (8 lg/mL) was incu-

bated with cell lysate overnight at 4�C,
followed by addition of 20 lL of pro-

tein A/G agarose beads and incubation

for another 2 h. Beads were washed

with lysis buffer and resuspended in

SDS sample buffer. After boiling,

samples were loaded on 8% gels. After

SDS-PAGE and transfer to PVDF,

membranes were probed with phos-

pho-threonine specific antibody (1:750

dilution).

Assay of MAPK activity

Macrophages were stimulated with

LPS in 12-well tissue culture plates.

For blocking experiments, cells were

pre-incubated with anti-moesin mono-

clonal antibody or an isotype-matched

control antibody. The p38 inhibitor

SB202190 and p44/42 inhibitor

PD98059 were used as controls (43–46).

After LPS stimulation, media were

aspirated, and cells were rinsed once

with ice-cold PBS. Cells were lysed and

transferred to microcentrifuge tubes.

Cell lysates were sonicated, and super-

natant was collected by microcentrifu-

gation at 16,000g for 15 min at 4�C.
The protein concentration of each

sample was adjusted to 1 mg/mL, and

samples were incubated with immobi-

lized phospho-specific monoclonal

antibodies to either p44/42 or p38.

After overnight incubation, beads were

microcentrifuged, the pellet was wa-

shed and suspended in 50 lL kinase

buffer supplemented with 200 lM ATP

and 2 lg Elk-1 fusion protein for p44/

42 or 2 lg ATF-2 fusion protein for

p38, followed by incubation for 30 min

at 30�C. The reaction was terminated

by adding 3· SDS sample buffer.

Samples were boiled, and 30 lL was

loaded on 10% SDS-PAGE gels. After

transfer, PVDF membranes were

blocked in TBS-T and 5% skim milk

and incubated with the primary anti-

body, which corresponded to the spe-

cific kinase (1:1000 dilution) in TBS-T

containing 5% BSA. After washing,

membranes were incubated with HRP-

conjugated anti-rabbit secondary anti-

body (1:2000 dilution) in blocking

buffer, washed, and developed using

enhanced chemiluminescence.
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A

Fig. 4. Inhibition of IRAK, MyD88 and IRAK activation and phosphorylation by anti-

moesin antibody. Stimulated differentiated THP-1 cells, with and without prior treatment

with anti-moesin antibody or an isotype-matched control antibody, were lysed (as described

in the �Material and methods� section) and subjected to immunoprecipitation (IP) with anti-

MyD88 goat IgG followed by western blotting (WB) for IRAK (A), immunoprecipitation

with IRAK rabbit IgG followed by western blotting with an antibody that recognizes

threonine phosphorylation (B), or immunoprecipitation with IRAK rabbit IgG followed by

western blotting with anti-TRAF6 (C). In cells pretreated with anti-moesin antibody,

recruitment of IRAK to MyD88 was inhibited and subsequent IRAK phosphorylation was

blocked (A and B, respectively). Furthermore, IRAK binding to TRAF6 was also inhibited

(C). No effects were observed when the differentiated THP-1 cells were pre-incubated with

the isotype-matched control antibody prior to LPS stimulation.
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Analysis of NF-jB activation

Activation of the p65 subunit of NF-jB
in macrophages was determined by

ELISA (Imgenex; 47,48). The specific-

ity of the assay was verified by including

an excess of soluble oligonucleotides

containing native or mutated NF-jB
consensus binding site. After LPS

stimulation, cells were harvested,

centrifuged (500 g for 15 min), and

resuspended in hypotonic lysis buffer.

Ten per cent of NP-40 (nonyl phenox-

ylpolyethoxylethanol) was added, and

samples were blended by vortex mixing

and centrifuged. The supernatant

cytoplasmic extracts were collected;

cold nuclear extraction buffer was ad-

ded to the pellets, incubated on ice with

intermittent vortex mixing and, after

centrifugation (500 g for 15 min), the

supernatant (nuclear extract) was

collected. The NF-jB/p65 ActivELISA

Kit measures free p65 in the nuclear

extract.

Western blotting for IjBa

Equal amounts of protein from cell

lysates were separated by 10% SDS-

PAGE. After transfer, membranes

were blocked in TBS-T supplemented

with 5% skim milk, and membranes

were probed with phospho-specific

IjBa antibody (1:1000 dilution) in

TBS-T with 5% BSA. After washing,

membranes were incubated with HRP-

conjugated secondary antibody, and

proteins were detected using enhanced

chemiluminescence.

ELISA for TNF-a, IL-1b and IFN-b

In order to test the impact of endo-

toxin activation on the MyD88-

dependent and -independent pathways,

macrophages were differentiated from

THP-1 cells in 12-well tissue culture

plates at a concentration of 8 · 106

cells per well. Non-adherent cells were

aspirated, and the wells were washed

twice with PBS. After the final wash,

cells were stimulated with different

concentrations of LPS, in duplicate,

and the plates were incubated for

18 h at 37�C in an atmosphere of air

containing 5% CO2. For blocking

experiments, cells were pretreated with

anti-moesin antibody for 2 h prior to

LPS stimulation. Tumor necrosis fac-

tor a and IL-1b were measured as the

resultant cytokines of the MyD88-

dependent pathway, while IFN-b was

analyzed as a measure of MyD88-

independent pathway regulation. The

release of TNF-a, IL-1b and IFN-b
into the culture supernatant was as-

sayed using a commercially available

ELISA performed according to the

manufacturer�s instructions (R&D

Systems).

Statistical analysis

Data were evaluated by analysis of

variance (ANOVA) with Bonferroni

multiple-comparison test using the SPSS

program (SPSS Inc., Chicago, IL,

USA). Statistical differences were con-

sidered significant at an a level of

0.05. All reported experiments were

performed at least three times.

Results

Characterization of moesin
expression in macrophages
stimulated with LPS

Previously, we have shown that total

moesin protein is upregulated after

LPS challenge; however, we did not

analyze its conformational appearance

(7). Expression analyses using Q-PCR
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pretreated with anti-moesin antibody or SB202190 prior to LPS stimulation showed signif-
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revealed an increase of moesin mRNA

levels within 30 min after challenging

macrophages with LPS (Fig. 1A). In

line with this, protein levels reached a

maximum 60 min after exposing mac-

rophages to LPS, as assessed by wes-

tern blotting (Fig. 1B,C). Additionally,

moesin exhibited rapid phosphoryla-

tion after only 15 s of LPS stimulation

(Fig. 1B,D). This was followed by a

significant dephosphorylation after

5 min. A second peak of phosphory-

lation was observed at 30 min that,

again, was followed by dephosphory-

lation at 60 min (Fig. 1B,D), indicat-

ing that moesin is positively regulated

and converts into an active form dur-

ing the macrophage response to LPS.

Interaction of moesin and LPS in
macrophages

Since moesin is present on cell mem-

branes, we used a native PAGE gel

shift assay to examine whether LPS

can bind directly to this cytoskeletal

protein. Two recombinant fragments

of moesin were examined, the C-ter-

minal and N-terminal domains. Re-

combinant radixin, an ERM family

member protein (both C- and N-ter-

minus), was used as control. Incuba-

tion of LPS with the C-moesin protein

fragment resulted in a protein retar-

dation in the gel, as shown in Fig. 2,

suggesting a stable binding of LPS to

the recombinant C-moesin domain. No

shift was observed when LPS was

incubated with N-moesin or with C- or

N-radixin (data not shown), indicating

a specific interaction of LPS with the

C-terminal domain of moesin.

Moesin associates with proteins
specifically involved in LPS-
activated pathways

To evaluate the participation of moesin

in propagating the LPS signal, immu-

noprecipitation with anti-moesin anti-

body was performed after stimulating

macrophages with LPS. Afterwards,

moesin-bound proteins were identified

using western blotting with anti-CD14,

anti-TLR4 and anti-MD-2 antibodies.

As shown in Fig. 3, CD14 co-precipi-

tated with moesin at all time points,

with or without LPS stimulation. In

contrast, TLR4 and MD-2 co-precipi-

tated with moesin only after the cells

were stimulated with LPS, revealing a

continuous binding of moesin to CD14

and a specific association of moesin

with TLR4 and MD-2.

Inhibition of moesin function
interferes with LPS-induced
recruitment of IRAK to MyD88 and
subsequent activation of TRAF6

MyD88 is essential for the recruitment

and phosphorylation of IRAK (19).

We, therefore, investigated the inhibi-

tion of this interaction in LPS-treated

cells with or without blocking moesin

function using an anti-moesin anti-

body. As shown in Fig. 4A, anti-moe-

sin antibody inhibited the association

of IRAK with MyD88. Cells stimu-

lated with LPS exhibited phosphory-

lation of IRAK (Fig. 4B), but cells

pre-incubated with anti-moesin anti-

body exhibited total inhibition of

IRAK phosphorylation. Moreover, for

proximal signals to transduce, IRAK

binds and activates TRAF6 (31).

Immunoprecipitation with IRAK

antibody followed by western blotting

for TRAF6 was performed. Cells pre-

treated with anti-moesin antibody

showed inhibition of IRAK binding to

TRAF6 comparable to the resting

conditions (Fig. 4C). No inhibition of

LPS-induced signaling events was ob-

served when the cells were incubated

with an isotype-matched control IgG.

Lipopolysaccharide-induced p38 and
p44/42 MAP kinase activity in
macrophages with impaired moesin
function

In order to determine which further

signaling cascade is being inhibited by
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anti-moesin antibody, the activation

and phosphorylation of p38 and p44/

42 MAPK in response to LPS were

analyzed. Results revealed that both

p38 and p44/42 MAPK were activated

and reached their maximal phosphor-

ylation at 30 min (Figs 5A,6A), but

phosphorylation was blocked with

anti-moesin antibody (Figs 5B,6B).

Specific inhibitors of p38 and p44/42

were used as positive controls (Figs

5B,6B), and densitometric scans were

used to quantify the western blots

(Figs 5C,6C).

Inhibition of IjBa phosphorylation
and NF-jB activation in LPS-
stimulated macrophages with
impaired moesin function

To assess NF-jB activation down-

stream to moesin phosphorylation and

association with LPS, TLR4 and MD-

2, the NF-jB ELISA was used to

measure free p65 in the nuclear extract.

As seen in Fig. 7, LPS challenge re-

sulted in IjBa phosphorylation, fol-

lowed by the translocation and

activation of the NF-jB dimers, but

phosphorylation of IjBa was blocked

by anti-moesin antibody, and NF-jB
activity was significantly inhibited.

Role of moesin in MyD88-dependent
and independent pathways

To examine the effect of anti-moesin

antibody on the MyD88-independent

pathway, an ELISA for IFN-b was

performed (Fig. 8). No inhibition of

the IFN-b secretion was observed

when the cells were pre-incubated with

anti-moesin antibody (Fig. 8C), sug-

gesting that moesin-mediated signaling

does not involve the MyD88-indepen-

dent pathway. However, consistent

with previous reports (7,8,38), we ob-

served a significant reduction in TNF-a
and IL-1b secretion when cells were

pre-incubated with anti-moesin anti-

body prior to LPS stimulation

(p < 0.05), whereas cells pre-incu-

bated with an isotype-matched control

IgG showed no change (Fig. 8A,B).

Taken together, the above observa-

tions indicate a crucial mediator role

for active moesin in signaling events

associated with LPS in macrophages.

Interestingly, moesin seems to be

specifically involved with pathways

associated with MyD88 and its down-

stream signaling transduction.

Discussion

Cellular structure and function depend

on the existence of precisely localized

protein complexes associated with the

plasma membrane and cytoskeletal

actin (1). Ezrin–radixin–moesin pro-

teins have been proposed to link

transmembrane proteins to the actin

cytoskeleton and, more importantly,

have been implicated in signaling

pathways which incorporate extracel-

lular signals into intracellular mecha-

nisms (3). Previous data suggested an

involvement of cytoskeletal proteins in

cellular signaling mechanisms, which

create the innate immune response

against microbial pathogens (7,8). To

convert into an active stage, moesin is

phosphorylated at threonine-558 by

different kinases, such as Rho-acti-

vated kinase (6,49); its N- and C-do-

mains are involved in plasma protein

and actin filament binding, respectively

(50). Lipopolysaccharide is the princi-

ple component of the outer membrane

of gram-negative bacteria, and its rec-

ognition by monocytes/macrophages

orchestrates an immediate and active
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adaptive immune response through the

expression of a variety of inflammatory

cytokines, including TNF-a and IL-1b
(51–53). Production of these inflam-

matory cytokines contributes to the

efficient control of growth and dis-

semination of invading pathogens. The

regulation of cytokine expression is

driven by a complex network of

receptor and cytoskeletal proteins,

kinases and transcription factors,

which include CD14, TLR4, MD-2,

MAPKs such as ERK1, ERK2 (54),

p38 MAPK (55), and c-Jun N-terminal

kinases (JNK), NF-jB and others. In

the present study, we systematically

analyzed the role of the cytoskeletal

protein moesin in LPS-induced signal-

ing pathways that ultimately result in

the expression of proinflammatory

cytokines in macrophages. Upon LPS

stimulation, moesin is not only

increasingly expressed and phosphory-

lated, but also can bind LPS directly at

its carboxyl-terminus. Furthermore,

moesin is temporally associated with

TLR4 and MD-2 after LPS stimula-

tion, whereas CD14 is continuously

bound to moesin in differentiated

THP-1 cells. To analyze the impact of

moesin on LPS-induced proximal

intracellular signaling, a previously

tested blocking anti-moesin antibody

was used to inhibit moesin function

(38). The data clearly established that

inhibition of moesin interrupts LPS

response pathways through a blockage

of LPS intermediate signaling compo-

nents, including MyD88, IRAK and

TRAF6. This not only negatively af-

fects subsequent activation of the MAP

kinases p38 and ERK but also activa-

tion of NF-jB and its translocation to

the nucleus, where NF-jB regulates

TNF-a and IL-1b production. Inter-

estingly, anti-moesin antibody did not

block the secretion of IFN-b, which is

considered to be a MyD88-indepen-

dent signaling pathway, suggesting

that moesin-mediated intracellular sig-

naling is a specific pathway and de-

pends on the activation of MyD88 (35–

37).

Moesin was first described as a

structural protein that serves as a link

between the plasma membrane and the

cytoskeleton (56). Moesin can regulate

cell shape, motility, adhesion, vesicu-

lar trafficking and signal transduction

(1). Analyses of its protein structure

revealed that moesin could be in-

corporated into either the plasma

membrane and/or the cytoplasm.

Threonine-558 phosphorylation of

moesin at its C-terminal portion is a

crucial step which ensures activation

and free movement of the protein in

response to stimuli (57–59). Keresztes

et al. (60) suggested that upon adhe-

sion of porcine neutrophils to a plastic

surface, activated moesin is translo-

cated to the plasma membrane and the

extracellular surface. Ariel et al. (61)

reported that moesin could be ex-

pressed on the cell surface not only

by stimulation with phytohemagglu-

tinin(PHA) or PMA, but also with

calyculin A, a specific inhibitor of
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phosphatases 1 and 2A, which is

capable of inducing moesin phos-

phorylation (59). In addition, moesin

and other ERM family members con-

tain at their N-terminus a so-called

FERM (band four-point-one, ezrin,

radixin, moesin homology domain)

with a sequence of three subdomains,

F1–F3 (62,63). The cluster of acidic

amino acids, especially in the pleck-

strin homology domain, has been

shown to be important in interactions

of ERM proteins with lipid layers of

the membrane and is involved in sig-

nal transduction (13,62,64–67). Our

results suggest that moesin activation

mechanisms are consistent with moe-

sin function in macrophages, since

moesin was found to be a dynamic

molecule with the apparent capability

of quick activation (phosphorylation)

in response to LPS stimulation. We

postulate, based on those results, that

phosphorylation of moesin induces a

conformational change that exposes

cryptic binding sites for additional

proteins downstream of LPS signaling.

We detected an association of

moesin with CD14, TLR4 and MD-2

proteins. Interestingly, CD14 is con-

tinuously linked to moesin, whereas

TLR4 and MD-2 are transiently bound

to moesin only after stimulation with

LPS. In addition, we have confirmed

and localized the direct binding of

moesin (C-terminus) to LPS upon

stimulation. Given the foregoing, it

appears that moesin is involved in the

early recognition and response to LPS

challenge. Previous understanding of

the innate recognition of bacterial LPS

is based on the discovery that LPS

binds to LBP in serum (12,13), which,

in turn, rapidly catalyzes the transfer

of LPS to membrane-bound CD14

(mCD14) or soluble CD14 (sCD14).

Although CD14 has been identified as

an LPS receptor (18), it is a GPI-an-

chored protein and thus lacks trans-

membrane and intracellular domains

(68–70). Several binding studies have

shown that CD14-blocking monoclo-

nal antibodies only partially inhibit

LPS binding, suggesting the existence

of alternative receptors (71). Thus,

additional proteins, such as moesin,

might act in concert with the LPS–

CD14 complex to initiate the signaling

process leading to LPS-induced cellu-

lar activation.

The TLR proteins possess leucine-

rich extracellular repeats that recognize

the LBP–CD14 complex (20). In addi-

tion, MD-2, an adaptor protein, which

forms a complex with the extracellular

domain of TLR4, supports effective

LPS recognition (72). Our data impli-

cate a role for moesin in the formation

of the LPS–receptor complex. Lipo-

polysaccharide binding to moesin cau-

ses activation by phosphorylation,

which might expose moesin-binding

domains for binding to TLR4 and

MD-2 and initiates LPS signaling.

Since TLR4–MD-2 is tightly connected

to the innate immune response, the

association of moesin with TLR4–

MD-2 reveals a new mechanism and

illustrates additional diversity and

redundancy in the biological activity of

these two proteins. Previous studies

attempted to identify proteins involved

in LPS recognition and binding. Ak-

ashi et al. (73) stated that their results

using mechanically solubilized cell ly-

sates clearly showed physical associa-

tion between LPS and TLR4–MD-2;

however, these were co-immunopre-

cipitation experiments, and direct

binding was not actually demon-

strated. The only evidence suggesting

that there is a direct interaction be-
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tween LPS and membrane proteins

forming a membrane receptor complex

was in transfected cells, in which an

interaction was demonstrated between

TLR, MD-2 and CD14 (alone or var-

ious combinations) with cross-linking

to LPS (74). In these studies, LPS

cross-linked to TLR4 and MD-2 only

when co-expressed with CD14. Here,

we demonstrate direct binding of LPS

to moesin using a gel shift assay and

localize the binding site to the C-ter-

minus of the moesin molecule.

Our new observation of a physical

association between moesin and CD14,

TLR4 and MD-2 emphasizes the

functional importance of moesin in the

activation of an LPS receptor cluster.

Bacterial recognition systems in mam-

malian cells are complex and require

several components to relay signals.

Triantafilou & Triantafilou (74)

hypothesized that different receptors

are recruited to the site of ligation to

form an activation cluster, which is

followed by multiple signaling cas-

cades. Thus, the existence of a moesin–

CD14–TLR4–MD-2 receptor cluster

is consistent with the variety of sig-

naling cascades that can be triggered

by LPS.

Based upon these findings, we suggest

a new model for early LPS signaling

events, in which moesin participates

with CD14, TLR4 and MD-2 in LPS

recognition (Fig. 9). In this model, LPS

initially binds to CD14, which is asso-

ciated in the membrane with moesin,

inducing phosphorylation of moesin.

The CD14–moesin complex then asso-

ciates with the signal transducing pro-

teins, TLR4 andMD-2. After the initial

phosphorylation (unfolding) of moesin

induced by LPS challenge, the observed

dephosphorylation of moesin may be

the result of its binding to TLR4/MD-2.

Essentially, moesin functions as an

LPS-presenting protein to the TLR4–

MD-2 complex. The four-molecule

cluster recruits IRAK through the

adaptor protein MyD88, and IRAK

autophosphorylates. Phospho-IRAK

dissociates from MyD88 and binds to

TRAF6, which then phosphorylates

IKK (IjB kinase) and MAPK. These

kinases in turn phosphorylate down-

stream kinases, leading to the activation

of p38 and p44/42 as well as NF-jB,

among others, ultimately leading to the

transcription and secretion of proin-

flammatory cytokines (e.g. TNF-a).
In conclusion, the activation of

moesin in monocytes/macrophages is

dynamic and appears to be regulated

positively by LPS. We propose that

the innate recognition of LPS involves

the dynamic association of multiple

receptors to form a cluster of mole-

cules. The binding site and specific

residues of moesin that bind CD14,

TLR and MD-2 remain to be eluci-

dated. Complete identification of the

diverse receptor clusters that are

responsible for bacterial recognition

will enhance current understanding

and therapeutic intervention associated

with antibacterial therapy in peri-

odontics.
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