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The IRAK-ERK-p67phox-Nox-2 axis mediates TLR4,
2-induced ROS production for IL-1b transcription and
processing in monocytes

Ankita Singh1, Vishal Singh1, Rajiv L. Tiwari1, Tulika Chandra2, Ashutosh Kumar3, Madhu Dikshit1

and Manoj K. Barthwal1

In monocytic cells, Toll-like receptor 4 (TLR4)- and TLR2-induced reactive oxygen species (ROS) cause oxidative stress

and inflammatory response; however, the mechanism is not well understood. The present study investigated the role of

interleukin-1 receptor-associated kinase (IRAK), extracellular signal-regulated kinase (ERK), p67phox and Nox-2 in

TLR4- and TLR2-induced ROS generation during interleukin-1 beta (IL-1b) transcription, processing, and secretion. An

IRAK1/4 inhibitor, U0126, PD98059, an NADPH oxidase inhibitor (diphenyleneiodonium (DPI)), and a free radical

scavenger (N-acetyl cysteine (NAC))-attenuated TLR4 (lipopolysaccharide (LPS))- and TLR2 (Pam3csk4)-induced

ROS generation and IL-1b production in THP-1 and primary human monocytes. An IRAK1/4 inhibitor and

siRNA-attenuated LPS- and Pam3csk4-induced ERK-IRAK1 association and ERK phosphorylation and activity. LPS and

Pam3csk4 also induced IRAK1/4-, ERK- and ROS-dependent activation of activator protein-1 (AP-1), IL-1b

transcription, and IL-1b processing because significant inhibition in AP-1 activity, IL-1b transcription, Pro- and

mature IL-b expression, and caspase-1 activity was observed with PD98059, U0126, DPI, NAC, an IRAK1/4 inhibitor,

tanshinone IIa, and IRAK1 siRNA treatment. IRAK-dependent ERK-p67phox interaction, p67phox translocation, and

p67phox–Nox-2 interaction were observed. Nox-2 siRNA significantly reduced secreted IL-1b, IL-1b transcript, pro- and

mature IL-1b expression, and caspase-1 activity indicating a role for Nox-2 in LPS- and Pam3csk4-induced IL-1b

production, transcription, and processing. In the present study, we demonstrate that the TLR4- and TLR2-induced

IRAK-ERK pathway cross-talks with p67phox-Nox-2 for ROS generation, thus regulating IL-1b transcription and

processing in monocytic cells.
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INTRODUCTION

Toll-like receptor (TLR)-induced reactive oxygen species

(ROS) can exert deleterious effects by inducing oxidative

stress and cytokine overproduction1 leading to sepsis, septic

shock, rheumatoid arthritis, and diabetic complications. In

case of sterile infections, where danger-associated molecular

patterns (DAMPs) activate TLRs, the released ROS may be

detrimental to host tissues.2 TLR2 and TLR4 can regulate bac-

terial sepsis and shock by inducing interleukin-1 beta (IL-1b)

production.3

IL-1b-driven inflammation is involved in the progression of

many inflammatory disorders.4 The secretory signal sequence

is absent in IL-1b, and its secretion is divided into steps.5 First,

TLR activation leads to the transcription and accumulation of

the precursor protein pro-IL-1b. The second step involves the

processing of pro-IL-1b into mature IL-1b by the inflamma-

some, which activates caspase-1, a proteolytic enzyme respons-

ible for the cleavage and secretion of cytokines.6 Due to a

gain-of-function mutation in NLRP3, such as in familial cold

autoinflammatory syndrome, Muckle–Wells syndrome, and
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neonatal onset multisystem inflammatory disease (NOMID),

autoinflammatory disorders can be treated with an IL-1 recep-

tor antagonist (IL-1Ra) or monoclonal anti-IL-1b antibodies

(Abs).7Various extracellular signals involved in inflammasome

assembly have been identified; however, the molecular

mechanisms involved in caspase-1 activation and IL-1b pro-

cessing and secretion are still only partially understood.8

The signaling of two receptor families, TLRs and IL-1Rs, is

mediated through a unique family of protein kinases known as

interleukin-1 receptor-associated kinases (IRAKs).9 Pharma-

cologic inhibition of both IRAK4 and IRAK1 might be neces-

sary to block pro-inflammatory cytokine production,10,11

indicating the importance of IRAK signaling in inflammatory

cytokine secretion. Previously, we suggested a novel mech-

anism of phorbol 12-myristate 13-acetate (PMA)-induced

IL-1b production involving protein kinase C-d (PKC-d) in

monocytes.12TLR engagement by various ligands also activates

the mitogen-activated protein kinase (MAPK) cascade.13 The

MAPK family members p38 MAPK, c-Jun amino-terminal

kinase (JNK), and extracellular signal-regulated kinase

(ERK), which are downstream of TLR, are involved in innate

immunity and can induce the production of cytokines and

inflammatory mediators.14

Recently, the role of ROS in IL-1b secretion has attracted

intense interest.15 The multi-component enzyme complex

NADPH oxidase (Nox) is a potential source of ROS. The trans-

location of cytosolic components (p47phox and p67phox) to

the membrane is a prerequisite for NADPH oxidase activa-

tion.16 It has been reported that pattern recognition receptor

(PRR) engagement activates NADPH oxidase through the gen-

eration of ROS and caspase-1 induction, leading to secretion of

mature IL-1b.17 Nox-2 is the predominant NADPH oxidase

in macrophages,18 and TLRs can regulate Nox isozymes.19

However, the predominant Nox isoforms involved in ROS

generation after specific TLR activation during IL-1b secretion

remain unclear.

The present study demonstrates the role of the IRAK-ERK-

p67phox-Nox-2 axis in TLR2, 4-induced ROS, which in turn

regulate IL-1b transcription, processing, and secretion.

MATERIALS AND METHODS

Pharmacological inhibitors, including an IRAK1/4 inhibitor,

U0126, PD98059, and Pam3csk4, were purchased from

Calbiochem (San Diego, CA, USA). Lipopolysaccharide (LPS),

a protease inhibitor mixture, and Abs against b-actin and

p-p47phox were obtained from Sigma-Aldrich (St. Louis, MO,

USA). The p44/42 MAP Kinase Assay kit (nonradioactive),

p67phox, ERK1/2, p-ERK1/2 Abs, and ATP were procured from

Cell Signaling Technology (Danvers, MA, USA). Anti-p-JNK

and anti-total JNK were from Millipore (Billerica, MA, USA).

Tanshinone IIa and Abs against human IRAK, Nox-2, TLR2,

TLR4, p47phox, and IL-1b were purchased from Santa Cruz

Biotechnology (Santa Cruz, CA, USA). Control small interfering

RNA (siRNA), IRAK siRNAs, TLR2 siRNA, TLR4 siRNA, and

Nox-2 siRNA were purchased from Santa Cruz Biotechnology

(Santa Cruz, CA, USA) and Dharmacon (Chicago, IL, USA).

The caspase-1 fluorometric assay kit was purchased from R&D

Systems Inc. (Minneapolis, MN, USA). Light Cycler 480 SYBR

Green I Master was obtained from Roche Applied Science

(Mannheim, Germany), and the activator protein-1 (AP-1)

activity ELISA kit (TransAMTM AP-1-c-Jun) was obtained

from Active Motif Co. Ltd. (Carlsbad, CA, USA). ECL substrate

was procured from GE Healthcare (Piscataway, NJ, USA), and

reagents related to tissue culture were from Invitrogen

(Carlsbad, CA, USA). Propidium iodide (PI), diphenyleneiodo-

nium (DPI), N-acetyl cysteine (NAC), dichlorofluorescin

(DCF), and all other chemicals used in the study were purchased

from Sigma (St. Louis, MO, USA).

Isolation and culture of human monocytes

After obtaining informed consent from healthy donors, cir-

culating human primarymonocytes were isolated as previously

described20 with slight modifications. Permission for the study

was obtained from the Institutional Ethics Committee (human

research) of CSIR-Central Drug Research Institute (CSIR-

CDRI) and King George’s Medical University (KGMU),

Lucknow. The ethical guidelines were in agreement with

Helsinki Declaration. Buffy coats were subjected to dextran

sedimentation followed by density gradient centrifugation util-

izing Percoll 1080 and 1065 and hyperosmotic gradient. Then,

monocytes were allowed to adhere for 1 h in RPMI-1640media

containing 10% fetal bovine serum (FBS) before use in experi-

ments. Trypan blue stainingwas used to assess cell viability, and

CD14 staining was evaluated by flow cytometry to assess sam-

ple purity. The viability and purity of the cells were both found

to be more than 95%. THP1, a human monocytic cell line, was

cultured in RPMI-1640media with 100 IUmL21 penicillin and

100 mg mL21 streptomycin and was supplemented with 10%

heat-inactivated FBS. Monocytic cells were treated for various

time points with LPS or Pam3csk4 (100 ng mL21)12 and ATP

(5mmol L21).21A 1-h pre-treatment of pathway inhibitors was

administered at the following concentrations: IRAK1/4 inhib-

itor (0.3 mmol L21); ERK1/2 pathway inhibitors (U0126 and

PD98059; 10 mmol L21); NADPH oxidase inhibitor (DPI;

10 mmol L21); free radical scavenger (NAC; 10 mmol L21);

JNK inhibitor II (10 mmol L21); AP-1 inhibitor (tanshinone

IIa; 1 mmol L21); and vehicle dimethyl sulfoxide (, 0.1%). The

IRAK1/4 inhibitor used in the present study is a small-molecule

inhibitor that selectively inhibits the kinase activities of IRAK1

and IRAK4 and has been previously used.22 It has been shown

to exhibit little activity against a panel of 27 other kinases (IC50

. 10 mM), including Lck and Src, suggesting the efficacy and

specificity of the compound. IRAK phosphorylation was ana-

lyzed in the presence of the IRAK1/4 inhibitor to ensure its

inhibition under the experimental conditions (Supplemen-

tary Figure S1). Similarly, AP-1 inhibition was observed with

tanshinone IIa, indicating its efficacy (Supplementary Figure

S2a). The cytotoxicity of DPI, NAC, tanshinone IIa, and

IRAK1/4 inhibitor was analyzed by PI labeling. The level of cell

death was not significantly altered, suggesting that the results
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were due to inhibitor effects and not due to cytotoxicity

(Supplementary Figure S2b). The concentration and duration

of the inhibitors in the present study have shown minimal

cytotoxicity under these experimental conditions.

IL-1b assay

Conventional ELISA (BD OptEIA set Human IL-1b, San Diego,

CA, USA) was used to measure the production of IL-1b after

treatment with LPS, Pam3csk4, and different pathway inhibitors

in the media as described earlier.12 In brief, the capture Ab was

coated on the ELISA plates and incubated overnight at 4 uC. The

collected supernatants from control and treated monocytic cells

were incubated for 2 h at room temperature, washed, and incu-

bated with the detection Ab. After washing, the enzyme reagent

was incubated. Then, tetramethylbenzene (TMB) substrate was

added to develop color, and the assay was subsequently readwith

an ELISA plate reader (Biotek Instrument, Winooski, VT, USA)

at 450 nm and 570 nm. Standard IL-1b provided in the kit was

used to calculate absolute IL-1b levels.12

Immunoblotting

After the desired treatments, cells were lysed in lysis buffer

containing 0.1 M NaCl, 0.01 M Tris HCl (pH 7.4), 0.001 M

EDTA (pH 7.4), aprotinin (1 mg mL21), phenylmethylsulfonyl

fluoride (100 mg mL21), pepstatin (20 mg mL21), sodium

orthovanadate (2 mM), sodium fluoride (2 mM) and 1%

Triton X-100. Bicinchoninic acid (BCA) reagent was used to

measure protein concentrations. Lysates containing equal

amounts of protein were denatured at 100 uC for 5 min in

Laemmli buffer and run on a denaturing 7–10% sodium dode-

cyl sulfate–polyacrylamide gel electrophoresis gel. Then, the

proteins were transferred onto polyvinylidene fluoride

(PVDF) membranes followed by blocking of the PVDF mem-

branes with 5% bovine serum albumin in Tris-buffered

saline and Tween 20. After blocking, the membrane was incu-

bated with the following primary Abs as per themanufacturers’

protocol: IRAK1 (1:1000); p-IRAK1 (1:1000); p-ERK1/2

(1:3000); ERK1/2 (1:3000); p67phox (1:3000); p-p47phox

(1:3000); p47phox (1:1000); p-JNK (1:1000); JNK (1:1000);

IL-1b (1:1000); Nox-2 (1:1000); and b-actin (1:2000).

After primary Ab incubation, specific horseradish peroxidase

(HRP)-conjugated secondary Abs were added. Enhanced

chemiluminescence was used to detect the specific bands as

previously described.23 The protein bands were quantified by

densitometry and normalized against their respective total pro-

tein expression, and b-actin was used as loading control. The

quantification was performed on the basis of relative units

using an ImageQuant, LAS 4000 biomolecular imager (GE

Healthcare Bio-Science, Pittsburgh, PA, USA) and Quantity

One software Bio-Rad, Hercules, CA, USA.

Immunoprecipitation and in vitro ERK kinase assay

Lysis buffer with 0.1% Nonidet P-40, 50 mM Tris-Cl (pH 8.0),

2 mM EDTA, 137 mM sodium chloride, 0.1% Nonidet P-40,

and 5% glycerol was used to lyse the cells from different experi-

mental groups. Pre-adsorption of Abs to protein-A Sepharose

beads was performed in WG buffer (HEPES 1 M, NaCl 2 M,

10%Triton X-100) at 4 uC for 1 h. Then, the lysates were mixed

with pre-adsorbed beads and incubated at 4 uC for 2 h. The

protein A-Sepharose beads were washed, and the immunopre-

cipitates were processed for immunoblotting. ERK activity

was assessed using the p44/42 MAP Kinase Assay kit. Briefly,

the cell lysates were immunoprecipitated by an immobilized

p44/42 Ab bead slurry and incubated overnight at 4 uC.

Subsequently, the cell lysates were washed and re-suspended

in 50 mL of 1X Kinase buffer supplemented with 200 mmol L21

ATP, and 1 mL of ELK-1 was incubated for 30 min at 30 uC.24

The reaction was then terminated by boiling in 33 SDS buffer.

Phosphorylation of the ELK-1 protein was detected by western

blotting using a Phospho-Elk-1 (Ser383) Ab.

AP-1 activity assay

A commercially available ELISA kit (TransAM AP-1-c-Jun;

Active Motif, Carlsbad, CA, USA) was used for the preparation

of nuclear extracts and AP-1 activity measurement. Microtiter

plates used for AP-1 estimation were coated with oligonucleo-

tides 59-TGAGTCA-39, and 10 mg of nuclear extract was loaded

onto a well of a 96-well plate for 1 h. Then, the plates were

washed three times and incubated with mAbs against c-Jun for

an addition 1 h at RT. A total of 100 mL of anti-IgG-HRP

conjugate was then added and incubated for 1 h at 25 uC.

Then, TMB solution was added, and absorbance was measured

at 450 nm. Absolute levels of AP-1 were quantified using stand-

ard curves.

Propidium iodide labeling

The cytotoxicity of various inhibitors was determined by PI

labeling (excitation at 535 nm and emission at 615 nm), which

only stains dead cells.25 After the desired treatment, the cells

were harvested and treated with PI (5 mgmL21) for 30min, and

cell viability was analyzed using the CellQuest program

(FACSCalibur; Becton-Dickinson, Franklin Lakes, New

Jersey, USA).26

siRNA transfection

An Amaxa nucleofector machine (Amaxa, Cologne, Germany)

was used to perform transfections as previously described.27

The optimized protocol for the transfection of THP1 (Cell

Line Nucleofector kit V) and primary monocytes (Human

Monocyte Nucleofector kit) provided by the manufacturer

was used. Briefly, in 100 mL of transfection reagent, 1 3 106

cells were re-suspended and transfected with 100 nmol L21 of

control or IRAK1, IRAK4, Nox-2, TLR2, and TLR4 siRNA. The

nucleofector machine program V001 was used for THP-1, and

Y001 was used for primary monocytes. A total 1mL ofmedium

was pre-warmed in 6-well plates. After transfection, the cells

were removedwith 0.5mL of RPMI-1640 and added to the pre-

warmed plate. The respective treatments were administered 18

h after transfection. For monitoring the transfection efficiency,

fluoroscein isothiocyanate-labeled control siRNA and express-

ion of recombinant green fluorescent protein (provided in
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the kit) was used. Gene silencing was measured by western

blotting.

Caspase-1 fluorometric assay

Caspase-1 fluorometric assay kit (R&D Systems Inc., Minnea-

polis, MN, USA) was used to assess caspase-1 activity. After

various treatments, the cells were lysed using cell lysis buffer

provided with the kit. A total of 200 mg of total protein and an

equal volume of 23 reaction buffer weremixed in amicroplate.

Then, 5 mL of caspase-1 fluorogenic substrate (WEHD-AFC)

was added to initiate the reaction. After a 2-h reaction at 37 uC,

the plates were read at excitation 400 nm and emission 505 nm

in LS 55 florescence plate reader (PerkinElmer, Waltham, MA,

USA). The results are expressed as the fold change in caspase-1

activity.28

Expression of IL-1b by real-time PCR

TRI reagent was used to extract total RNA from THP1 cells, and

real-time PCR (RT-PCR) was performed for the quantitative

analysis of IL-1b. From isolated RNA, 1 mg of RNA was used to

synthesize cDNA by using a commercially available cDNA syn-

thesis kit (RevertAid first standDNA synthesis kit; Fermentas Life

Sciences,Waltham,MA,USA). The volumeof the reactionwas 25

mL including Light Cycler 480 SYBR Green I Master (Roche

Applied Science,Mannheim,Germany) and the following specific

primers: IL-1b forward, 59-CTCTCTCACCTCTCCTACTCAC-

39 and reverse, 59-ACACTGCTACTTCTTGCCCC-39; and

b-actin forward, 59-AACTGGAACGGTGAAGGTG-39, and

reverse, 59-CTGTGTGGACTTGGGAGAGG-39. This experiment

was performed in a LightCycler 480 real-time PCR system (Roche

Applied Science, Mannheim, Germany). To amplify the genes, a
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Figure 1 IRAK and ERK1/2 operate upstream ofROS during IL-1bproduction in THP-1 andprimary humanmonocytes. IRAK1/4 inhibitor, U0126,

PD98059, DPI, and NAC were used to pre-treat THP-1 cells that were then stimulated with (a) LPS and (b) Pam3csk4, and ROS generation was

measured with DCF-DA. Fluorescence wasmeasured with amicroplate fluorimeter (in triplicate, n5 3). Similarly, primary humanmonocytes were

pre-treated with an IRAK1/4 inhibitor or an ERK1/2 pathway inhibitor and stimulated with (c) LPS and Pam3csk4, and ROS generation was

measured (in triplicate, n 5 3). DPI and NAC pre-treated THP-1 cells were stimulated with (d) LPS and (e) Pam3csk4 for 30 min, and ERK1/2

phosphorylation wasmeasured by western blotting (n5 3). Membranes were also probed with total ERK1/2 and b-actin Abs. The values represent
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##p , 0.01 ###p , 0.001 versus Pam3csk4-stimulated cells.
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three-step protocol was performed: an initial denaturation at 95

uC for 10 min; 35 cycles of 15-s denaturation at 95 uC and

30-s annealing at 60 uC; and a 30-s extension at 72 uC.29 The

comparative cycle threshold (22DDCt) method was used to deter-

mine the relative fold difference between an experimental and

calibrator sample. To calculate the relative expression, actin was

used as housekeeping gene.27

Determination of intracellular ROS

To assess intracellular ROS generation, the cells were pre-

treated with various inhibitors and then stimulated with LPS

and Pam3csk4 for 1 h, and ROS generation was assessed using

the oxidant-sensitive probes 29,79-dichlorofluorescein diace-

tate (H2DCF-DA,10 mmol L21, Sigma-Aldrich, St. Louis,

MO, USA). H2DCF-DA was added to cultures 30 min before

the end of the incubation. Fluorescence wasmeasured at excita-

tion 480 nm and emission 530 nm for H2DCF-DA with a

microplate fluorimeter (BMGLabtech, Offenburg, Germany).5

Preparation of cytosolic and membrane fractions

For the preparation of cytosolic and membrane fraction, cells

(53 107) were resuspended in relaxation buffer (KCl 100 mM;

NaCl 3 mM; MgCl2 3.5 mM; EGTA 1.25 mM; EDTA 1 mM;

NaF 10 mM; PMSF 1 mM; PIPES 10 mM; pH 7.3; Na3VO4

2 mM; pepstatin 20 lg mL21; trypsin inhibitor 20 lg mL21),

sonicated and centrifuged at 500g for 10 min at 4 uC. Before

undergoing ultracentrifugation, the supernatants were centri-

fuged twice at 10 000g for 5 min at 4 uC. Then, to obtain the

a
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the mean 6 SE. *p , 0.05, **p , 0.01 versus control; $p , 0.05, $$p , 0.01 versus stimulated cells.
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cytosolic andmembrane fractions, ultracentrifugationwas per-

formed at 100 000g for 30 min at 4 uC. Then, the membrane

fraction was washed with lysis buffer and then again centri-

fuged at 100 000g for 15 min and dissolved in lysis buffer con-

taining 1% Triton X-100.30

Statistical analysis

The results are expressed as the mean 6 SE. To calculate sig-

nificant difference between two groups, unpaired Student’s

t-test was used. Comparisons were performed by one-way ana-

lysis of variance or by a Bonferroni multiple comparison test

(GraphPad Prism, Demo, Version 5, GraphPad Software 2236

Avenida de la Playa La Jolla, CA, USA) for multiple compar-

isons of three or more groups. The differences were considered

significant with a p value, 0.05. The blots represent one of the

three or more comparable experiments.

RESULTS

IRAK1- and ERK1/2-dependent ROS generation and IL-1b

production in THP-1 and primary monocytes

ROS was measured by DCF-DA after various interventions in

THP-1. LPS- and Pam3csk4-induced ROS generation was sig-

nificantly decreased (,1.5-fold) by IRAK1/4 inhibitor, U0126

and PD98059 (Figure 1a and 1b). In primary human mono-

cytes, LPS- and Pam3csk4-induced ROS generation was sig-

nificantly higher (,3-fold) compared with THP-1, and this

effect was significantly decreased by IRAK1/4 inhibitor,

U0126, and PD98059 (Figure 1c). A decrease (not significant)

in ROS generationwas observedwhen both IRAK1 and ERK1/2

pathway inhibitors were used in combination compared with

individual treatments (Figure 1c). However, there was no sig-

nificant inhibition in LPS- and Pam3csk4-induced ROS gen-

eration in JNK inhibitor II pre-treated THP-1 and primary

monocytes. The significant increase in ERK phosphorylation

observed after TLR4 and TLR2 stimulation was unaffected by

DPI and NAC (Figure 1d and 1e) suggesting that ERK is

upstream of ROS in the present experimental settings. In the

present study, THP-1 cells treated with LPS (100 ng mL21)

or Pam3csk4 (100 ng mL21) induced time-dependent ERK

phosphorylation (Supplementary Figure S3a and S3b). In addi-

tion, LPS- and Pam3csk4-induced IL-1b production was

significantly decreased (6.8-fold and 3.8-fold, respectively;

p , 0.001) in the presence of U0126, PD98059, DPI, and

NAC in THP-1 cells (Supplementary Figure S3c and S3d).

LPS and Pam3csk4 also induced IL-1b production (4-fold

and 3-fold, respectively) in primary human monocytes, and

this effect was significantly decreased in U0126 and PD98059

pre-treated cells (Supplementary Figure S3e).

Regulation of ERK1/2 by IRAK1 during secretory IL-1b

production

LPS- and Pam3csk4-induced ERK1/2 phosphorylation (1.5-

fold increase; Figure 2a and 2b) was significantly decreased

by the IRAK1/4 inhibitor (Figure 2a and 2b), suggesting that

IRAK1 is upstream of ERK during IL-1b production. Similarly,

in primary human monocytes, LPS- and Pam3csk4-induced

ERK1/2 phosphorylation (,2.8- and 1.6-fold, respectively)

was significantly abrogated by the IRAK1/4 inhibitor

(Figure 2c and 2d).

To ascertain whether the change in ERK1/2 phosphorylation

was accompanied by a change in its activity, a non-radioactive

kinase assay was performed. LPS- and Pam3csk4-induced

ERK1/2 activity (2 to 3 fold) was significantly inhibited

(approximately 50%) in the presence of the IRAK1/4 inhibitor

(Figure 3a and 3b). In primary human monocytes, LPS- and

Pam3csk4-induced ERK1/2 activity (2.7- and 1.7-fold, respect-

ively) was also abrogated by the IRAK1/4 inhibitor (Figure 3c).

To further confirm the specificity of IRAK1-ERK1/2 regulation,

siRNA-mediated gene silencing was performed. A significant

reduction in IRAK1 and IRAK4 expression (Supplementary

Figure S4a–d) and LPS- and Pam3csk4-induced ERK activity
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was observed in siRNA-treated cells (Figure 4a and 4b). Similar

to THP-1, a significant reduction in IRAK1 and IRAK4 express-

ion (Supplementary Figure S5a–d) and LPS- and Pam3csk4-

induced ERKactivity (p, 0.001)was observed in siRNA-treated

cells (Figure 4c–d), thus confirming the role of IRAK1 and 4 in

regulating ERK1/2 activation.

To evaluate any physical association between IRAK1 with

ERK1/2, interaction studies were performed. ERK1/2 was

detected in a complex immunoprecipitated by an anti (a)

IRAK1 Ab. A significant increase in IRAK1–ERK1/2 interaction

was observed in THP-1 upon LPS (1.6-fold) and Pam3csk4

(2-fold) treatment, which was significantly decreased by the

IRAK1/4 inhibitor (Figure 5a). In primary human monocytes,

LPS and Pam3csk4 induced the IRAK1–ERK1/2 interaction

(2.8-fold, 2.1-fold, respectively), which was decreased (p ,

0.001) in the presence of the IRAK1/4 inhibitor (Figure 5b).

However, a negligible interaction was observed with isotype

IgG in both cases. To ascertain whether the IRAK–ERK inter-

actionwas specific, reverse immunoprecipitationwas performed

by anti-ERK1/2 and IgG in LPS- and Pam3csk4-stimulated con-

ditions. Again, a significant decrease in LPS- and Pam3csk4-

stimulated IRAK–ERK interaction was obtained in THP-1

(Figure 5c) and monocytes (Figure 5d), and there was a neg-

ligible interaction in isotype IgG even in LPS- and Pam3csk4-

stimulated conditions.

Role of IRAK1-ERK-ROS axis in AP-1-mediated IL-1b

transcription

It is well established that AP-1 is downstream of JNK31 and

plays an important role in PMA-induced and IRAK1-mediated

IL-1b transcription.27 LPS- and Pam3csk4-induced IL-1b tran-

scription was significantly inhibited by the AP-1 inhibitor tan-

shinone IIa, suggesting AP-1-dependent IL-1b transcription in

THP-1 cells (Figure 6a).
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Moreover, LPS (Supplementary Figure S6a) and Pam3csk4

(Supplementary Figure S6b) also induced time-dependent

JNK1/2 activation. Next, we explored whether there was a link

between ERK and JNK during LPS- and Pam3csk4-induced IL-

1b production. The initial JNK activation at 5 min and 15 min

was not altered in the presence of U1026. However, LPS-

(Figure 6b) and Pam3csk4- (Figure 6c) induced JNK phos-

phorylation was significantly inhibited at 30 min, 1 h, 6 h,

and 12 h in the presence of U0126. These data suggest

that there may be two phases of JNK activation; ERK may

affect only the later phase, or sustained JNK activation may

require ERK.

To test whether ROS can induce the JNK-AP-1 axis during

IL-1b transcription, p-JNK was monitored in the presence of

DPI and NAC. A significant increase (,2-fold) in JNK1/2

phosphorylation was observed after LPS and Pam3csk4 treat-

ment. This increase in phosphorylation significantly decreased

with DPI and NAC (Figure 7a and 7b), indicating ROS-

dependent JNK1/2 activation. Moreover, LPS- and Pam3csk4-

induced AP-1 activation (,5-fold and,4-fold, respectively) in

THP-1 was significantly reduced in the presence of IRAK1/4

inhibitor, U0126, PD98059, DPI, and NAC (Figure 7c–d)

thus indicating IRAK1-, ERK1/2-, and ROS-dependent AP-1

activation. Similar to THP-1, in human monocytes, LPS- and

Pam3csk4-induced AP-1 activation (,6.5-fold and ,7.2-fold,

respectively) was significantly decreased with the IRAK1/4

inhibitor and U0126 (Supplementary Figure S7a). In addition,

LPS- and Pam3csk4-induced JNK1/2 activation (3.4-fold and
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3.3-fold, respectively; Supplementary Figure S7b–c) was signifi-

cantly inhibited with the IRAK1/4 inhibitor and the ERK

pathway inhibitor (p , 0.01). In the present study, LPS- and

Pam3csk4-induced IL-1b transcription (,4000-fold and,3000

fold, respectively) was significantly reduced (p , 0.001) in the

presence of IRAK1/4 inhibitor, U0126, PD98059, DPI, andNAC

(Supplementary Figure S8a and S8b).

Role of IRAK in ERK1/2-induced p67phox activation

in THP-1

To delineate the underlying mechanism by which IRAK

and ERK1/2 could modulate NADPH oxidase, we examined

whether endogenous ERK1/2 and p67phox interact with

each other by immunoprecipitation with anti-ERK1/2 and

immunoblotting with an anti-p67phox Ab. LPS (2-fold) and

Pam3csk4 (2.7-fold) induced the ERK1/2–p67phox association.

This physical interaction was decreased significantly in IRAK1/4

inhibitor pre-treated and LPS- and Pam3csk4-stimulated cells

(p, 0.01, p, 0.001, respectively; Figure 8a and 8b). However,

a negligible interaction was observed with isotype IgG. In a

reverse immunoprecipitation experiment, ERK1/2 was

detected in a complex immunoprecipitated with an anti-

p67phox Ab; similar results were obtained (Figure 8c).

For analyzing p67phox activation, we monitored its trans-

location to the membrane after agonist stimulation. There was

significant increase in the membrane translocation of p67phox

from the cytoplasm upon LPS (p , 0.01) and Pam3csk4 (p ,

0.001) challenge, and this translocation was significantly inhib-

ited by the IRAK1/4 inhibitor and U0126 (Figure 8d and 8e).

There was negligible amount of p67phox in the membrane

fraction in control cells. p67phox can complex with several

Nox isoforms, including Nox-2 and Nox-1, during NADPH

oxidase complex activation and ROS production.32 Therefore,

the p67phox–Nox-2 interaction was examined by immunopre-

cipitation with anti-Nox-2 and immunoblotting with an

anti-p67phox Ab. LPS- (2.3-fold) and Pam3csk4- (2.1-fold)

induced p67phox–Nox-2 interaction was significantly attenu-

ated with IRAK and ERK pathway inhibitors (Figure 9a

and 9b). We also observed that TLR2 and TLR4 induced

p47phox phosphorylation in an ERK-dependent manner

(Supplementary Figure S9).

TLR4 and TLR2mediate LPS- and Pam3csk4-induced IRAK-

ERK-ROS regulation and IL-1b production

THP-1 cells transfected with TLR4 siRNA or TLR2 siRNA and

stimulated with LPS or Pam3csk4, respectively, were found to
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have significantly reduced levels of ROS generation (23% and

30%, respectively; Figure 10a) and secreted IL-1b (p , 0.05;

Figure 10b) compared with control siRNA-transfected cells.

The LPS- and Pam3csk4-induced IRAK–ERK interaction was

also significantly reduced (p , 0.001) in TLR4 siRNA- and

TLR2 siRNA-transfected cells compared with those transfected

with scrambled siRNA (Figure 10c). In accordance with this

result, LPS- and Pam3csk4-induced ERK–p67phox interaction

was also significantly inhibited when transfected with TLR4

siRNA (p , 0.01) or TLR2 siRNA (p , 0.05) compared with

control siRNA-transfected cells (Figure 10d). A significant

decrease in TLR4 and TLR2 (p, 0.01) expressionwas observed

after transfection of the corresponding siRNA (Supplementary

Figure S10a and S10b).

Role of IRAK-ERK-ROS axis in IL-1b processing

Interestingly, not only IL-1b transcription but also IL-1b proces-

sing was affected by IRAK, ERK and ROS. LPS- and Pam3csk4-

induced caspase-1 activation (,2-fold) was significantly

inhibited in the presence of U0126, PD98059, DPI, and NAC

(Figure 11a). Similarly, in primary human monocytes, LPS-

and Pam3csk4-induced (Figure 11b and 11c, respectively)

caspase-1 activity (,2.5-fold) was dependent on ERK1/2 and

ROS. Treatment with the IRAK1/4 inhibitor significantly

reduced (,24%) LPS- and Pam3csk4-induced caspase 1

activity (Supplementary Figure S11a) and IL-1b processing

(Supplementary Figure S11b). In addition, transfection

of IRAK-1 siRNA also significantly reduced (20%) LPS-

and Pam3csk4-induced caspase-1 activity (Supplementary

Figure S11c).

The role of ERK1/2 and ROS in IL-1b processing was further

assessed by evaluating the expression of intracellular pro-IL-1b

and IL-1b. LPS- and Pam3csk4-induced pro-IL-1b (,4.0-

fold) and IL-1b (,2.5-fold) expression (Figure 11d and 11e).

This increase in expression of pro-IL-1b and IL-1b was

significantly (p , 0.001) reduced in the presence of U0126,

PD98059, DPI, and NAC.

Nox-2 dependent IL-1b transcription, processing, and

secretion in THP-1 and primary monocytes

Next, the role of Nox-2 was examined in LPS- and Pam3csk4-

induced IL-1b secretion. Secretory IL-1b was also significantly

inhibited with Nox-2 siRNA by 23% and 27% in LPS- and

Pam3csk4-stimulated THP-1monocytes, respectively, compared
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Figure 7 IRAK, ERK and ROS mediate LPS- and Pam3csk4-induced AP-1 activation in THP-1. DPI and NAC pre-treated THP-1 cells were

stimulated with (a) LPS and (b) Pam3csk4 for 30min, and JNK activation wasmeasured by probing the blots with p-JNKAb.Membranes were also

probed with total JNK1/2 and b-actin Abs (n5 3). THP-1 cells pre-treated with inhibitors of specific pathways were stimulated with (c) LPS and (d)

Pam3csk4 for 30 min, and AP-1 activity was measured in nuclear extracts by using a TransAM Ap-1-c-jun kit (n 5 3). The values represent the

mean6 SE. *p, 0.05, **p, 0.01, versus control; $p, 0.05, $$p, 0.01, $$$p, 0.001 versus stimulated cells; @@p, 0.01,@@@p, 0.001 JNK1

versus JNK2.
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with control siRNA (Figure 12a). Moreover, an 80% and 68%

decrease in IL-1b mRNA expression was observed in Nox-2

siRNA-treated cells that were stimulated with LPS and

Pam3csk4, respectively, compared with their controls

(Figure 12b). Not only transcription but also processing was

Nox-2 dependent, as caspase-1 activity was inhibited (30%

and 41% with LPS and Pam3csk4, respectively) in Nox-2

siRNA-treated cells (Figure 12c). LPS- and Pam3csk4-induced

intracellular pro-IL-1b and mature IL-1b was also significantly

attenuated (p , 0.001) with Nox-2 SiRNA (Figure 12d).

Similarly, primary human monocytes transfected with Nox-2

siRNA secreted significantly lower levels of LPS- and

Pam3csk4-induced IL-1b compared with control siRNA-

transfected cells (Supplementary Figure S12a). Moreover, a

significant decrease in IL-1b mRNA expression was observed

in Nox-2 siRNA-treated (p , 0.05, p , 0.01) cells that were

stimulated with LPS and Pam3csk4, respectively, compared

with their controls (Supplementary Figure S12b). Not only

transcription but also processing was Nox-2 dependent, as

caspase 1 activity was inhibited (p , 0.001 and p , 0.01 with

LPS and Pam3csk4, respectively) in Nox-2 siRNA-treated cells

(Supplementary Figure S12c). A significant reduction in

Nox-2 expression was observed after transfection of its

siRNA (Supplementary Figure S12d and S12e). Moreover,

IL-1b secretion in Nox-2 siRNA-transfected cells was also

evaluated in the presence of a second stimulus, ATP, for

inflammasome activation (Supplementary Figure S13). There

was significant reduction in IL-1b secretion with Nox-2

siRNA-transfected and LPS/Pam3csk4- and ATP-stimulated

cells compared with control siRNA-transfected cells (Supple-

mentary Figure S13a). Moreover, there was significant

reduction in Nox-2 protein expression in Nox-2 siRNA-

transfected cells that were primed with LPS (Supplementary

Figure S13b) and Pam3csk4 (Supplementary Figure S13c)

and stimulated with ATP compared with control siRNA-

transfected cells.
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Figure 8 IRAK is required for LPS- and Pam3csk4-induced ERK1/2–p67phox interaction and p67phox membrane translocation. IRAK1/4

inhibitor pre-treated THP-1 monocytes were stimulated with (a) LPS and (b) Pam3csk4 for 30 min. Endogenous ERK1/2 and p67phox interaction

was assessed after immunoprecipitation with anti-ERK1/2 and corresponding IgG isotype and immunoblotting with anti-p67phox (n5 3) or (c) by

immunoprecipitation with anti-p67phox Ab and immunoblotting with anti-ERK1/2. IRAK1/4 inhibitor and U0126 pre-treated THP-1 cells were

stimulated with (d) LPS and (e) Pam3csk4 for 1 h. Cells were sonicated and fractionated into cytoplasmic and membrane fractions by ultracen-

trifugation. Both fractions were analyzed by immunoblotting with anti-p67phox Ab (n5 3). The blots represent one of the three similar experiments.

The values represent the mean 6 SE. **p , 0.01, ***p , 0.001 versus control; $p , 0.05, $$p , 0.01, $$$p , 0.001 versus stimulated cells;
###p , 0.001 versus Pam3csk4-stimulated cells.
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DISCUSSION

We examined the regulation of TLR2- and TLR4-induced ROS

generation and demonstrated its regulation by IRAK1, ERK1/2,

p67phox, and Nox-2 during secretory IL-1b production, tran-

scription and processing in THP-1 and primary humanmono-

cytes. It has been reported that targeting macrophage redox

status may represent a promising therapy for human Type 1

diabetes.33 For activation of TLR2 and TLR4, we used the

TLR2-specific ligand Pam3csk434,35 and the TLR4-specific

ligand LPS.36 To ascertain whether the LPS- and Pam3csk4-

induced effects observed in the present study were indeed

mediated by TLR4 and TLR2, experiments were performed

in the presence of receptor-specific siRNA. Pam3csk4- and

LPS-induced effects were significantly blocked by TLR2 and

TLR4 siRNA, respectively, demonstrating that the effects

observed by the ligands were specific to their respective recep-

tors. TLR2 and TLR4 interacts with Nox,37 and their activation

leads to Nox-2-dependent ROS generation. However, how

IRAK regulates TLR-mediated Nox-2 activation for IL-1b

secretion is not clear. IRAKs are key components in the signal

transduction pathways of TLRs.38Moreover, the effect of Nox-

2 on IL-1b transcription, processing and secretion has not been

defined. Our findings connect TLR-induced signaling events

with p67phox and Nox-2 mediated ROS generation for IL-1b

production. It has been reported that TLR engagement acti-

vates NADPH oxidase and ROS production leading to the

increased expression of inflammatory cytokines, including

IL-1b.39 However, the intermediary signaling cascade was not

clear, and how individual components of NADPH oxidase

complex modulated IL-1b production and to what level has

not been determined. ERK1/2 regulation by ROS and vice versa

is controversial40,41 with no data on their inter-regulation for

IL-1b production. Therefore, the present study was undertaken

to address these issues.

In the present study, TLR2- and TLR4-induced IRAK1- and

ERK1/2-mediated ROS generation in THP-1 and primary

human monocytes. In primary human monocytes, a higher

amount of ROS was generated compared with THP-1; there-

fore, higher levels of secretory IL-1b were observed in mono-

cytes. It has already been reported that different myeloid cells

display different redox status under resting conditions or upon

TLR engagement.42 Moreover, IRAK1 and ERK1/2 operate in

the same pathway for ROS production, as inhibition by the

combination of inhibitors was not significant compared with

the effect of the individual inhibitors alone.

The inter-regulation of IRAK1 and ERK1/2 was investigated,

as both of these kinases are activated during IL-1b production.

Interestingly, it was found that IRAK induces ERK activity dur-

ing TLR2- and TLR4-induced IL-1b production. Although there

is a report suggesting that IRAK feeds into ERK pathway, there is

no information regarding its impact on TLR-induced IL-1b

production.43 It has also been reported that there is a minimal

effect of the IRAK1/4 inhibitor on ERK activation after R848

(TLR7/TLR8 ligand) stimulation.11 Thus, it is possible that

kinases other than IRAK1/4 also feed into the ERKpathway after

R848 stimulation. Therefore, it was demonstrated for the first

time that IRAK1/4 is upstream of ERK1/2 in the secretory IL-1b

production pathway in monocytes. The present study indicates
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Figure 9 IRAK- and ERK1/2-dependent LPS- and Pam3csk4-induced p67phox–Nox-2 interaction. IRAK1/4 inhibitor and U0126 pre-treated

THP-1 cells were stimulated with (a) LPS and (b) Pam3csk4 for 1 h, and the membrane fraction was isolated. Endogenous p67phox and Nox-2

interactionwas assessed after immunoprecipitation with anti-Nox-2 and corresponding IgG isotype and immunoblotting with anti-p67phox (n5 3).

The blots represent one of the three similar experiments. The values represent themean6 SE. ***p, 0.001 versus control; $p, 0.05, $$p,0.01,
$$$p , 0.001 versus stimulated cells.
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new methods of activating ERK after TLR stimulation. At the

same time, there are other methods by which TLR-induced

MAPK activation can occur, including activation via IkB

kinase44 and TLR-induced Ras/Raf activation leading to activa-

tion ofMEK/ERK pathway.45 In the present study, IRAK1 is not

only upstream of ERK1/2 but also interacts with ERK1/2 and

modulates its activity as demonstrated with interaction experi-

ments. The kinase activity of IRAK is important for the asso-

ciation of IRAK1 and ERK1/2 because significant inhibition of

the TLR2- and TLR4-induced IRAK–ERK interaction was

observed with the IRAK1/4 inhibitor. In contrast, there was no

significant difference in ERK phosphorylation in THP-1 cells

transfected with pRK7IRAK (W/T) compared with myc-

pRK7IRAK (K239S; data not shown). It is possible that the

in vivo inhibition of both IRAK1 and IRAK4 kinase activity is

important for observing a significant inhibition of ERK phos-

phorylation. In IRAK4 kinase-dead knock-in mice, there was

severe impairment of MAPK activation and IL1/TLR-induced

cytokine production.46 It has been shown that mutation of crit-

ical threonine at position 209 (T209) completely abrogates

IRAK1 kinase activity, suggesting its importance for IRAK1

activation.47 Recently, an IRAK1 D359A-mutant, which is cata-

lytically inactive, mouse has been reported.48 In addition, for

induction of IRAK-1 kinase activity, phosphorylation of Thr-

387 in the IRAK-1 activation loop (amino acids 358-389) is

critical.49 In the present study, it was found that during TLR2

and TLR4 induced IL-1b production, ERK1/2 is upstream of

ROS as there was no effect of DPI and NAC on ERK1/2 phos-

phorylation. Inhibition of TLR2- and TLR4-induced ROS gen-

eration with U0126, PD98059, and IRAK1/4 inhibitor further

strengthens this claim.

LPS and Pam3csk4 caused prolonged JNK1/2 activation, and

ERK was found to inhibit the late phase of JNK activation, as

also noted by others in different systems.50,51 We found that
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Figure 10 TLR4- and TLR2-mediated IL-1b secretion and IRAK-ERK-ROS regulation in THP-1. In THP-1 cells transfected with TLR4 siRNA or

TLR2 siRNA and stimulated with LPS and Pam3csk4, respectively. (a) ROS generation was measured with DCF-DA and (b) IL-1b secretion was

measured by ELISA. Similarly, THP-1 cells transfected with TLR4/TLR2 siRNA were stimulated with LPS and Pam3csk4 for 30min, and (c) IRAK–

ERK interaction was measured after immunoprecipitation with anti-IRAK-1 and corresponding IgG isotype and immunoblotting with anti-ERK1/2

(n 5 3). (d) ERK–p67phox interaction was assessed after immunoprecipitation with anti-ERK1/2 or the corresponding IgG isotype and immuno-

blotting with anti-p67phox (n5 3). The blots represent one of the three similar experiments. The values represent the mean6 SE. ***p, 0.001

versus control; $p, 0.05, $$p, 0.01, $$$p, 0.001 versus control SiRNA1 LPS; #p, 0.05, ##p, 0.01, ###p, 0.001 versus control siRNA1

Pam3csk4-transfected cells.
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TLR2- and TLR4-induced IL-1b transcription in THP-1 was

AP-1 mediated, and there was ROS-dependent JNK1/2 activa-

tion. AP-1 activity and IL-1b transcript levels were significantly

reduced in the presence of IRAK1/4 inhibitor, U0126,

PD98059, DPI, and NAC, indicating that IRAK-ERK-ROS

operated upstream of the JNK1-AP-1 axis during TLR2- and

TLR4-induced IL-1b transcription. However, the IL-1b gene

contains binding motifs for several other transcription factors,

such as nuclear factor-kB/Rel, AP-1, NF-IL6, and cyclic AMP-

responsive element binding protein/activation transcriptional

factor (CREB/ATF), which appear to be important in LPS-

mediated IL-1b induction.52 CREB can also contribute to

LPS- and Pam3csk4-induced IL-1b production because we also

observed ERK-dependent LPS- and Pam3csk4-induced CREB

phosphorylation (data not shown).

The production of IL-1b involves the transcription of pro IL-

1b, then cleavage of pro IL-1b into IL-1b by caspase-1.6 IRAK-,

ERK1/2-, and ROS-dependent caspase-1 activation was

observed in THP-1 and primary human monocytes. It has also

been reported that ATP-dependent ROS production and

ERK1/2 activation are upstream of caspase-1 activation.53

Some reports suggest that deletion of IRAK1 or IRAK4 leads

to defective inflammasome activation.54 In accordance with

this suggestion, we also observed significantly less caspase-1

activity after treatment with IRAK1 siRNA or an IRAK1/4

inhibitor. Abrogation of kinase activity of IRAK-1 does not

completely prevent rapid inflammasome activation, suggesting

that IRAK-1 might have additional kinase-independent func-

tions that regulate NLRP3 inflammasome activation.55 The

fold increase in caspase-1 activity was very similar in THP-1

andmonocytes; however, basal caspase-1 activity was higher in

monocytes, indicating that higher ROS leads to increased cas-

pase-1 activity and IL-1b production. Intracellular pro IL-1b

and mature IL-1b expression after stimulation was reduced in

the presence of IRAK1/4 inhibitor, U0126, PD98059, DPI, and

NAC, further confirming the role of IRAK, ERK1/2, and ROS

in IL-1b processing.

TLR2- and TLR4-induced NADPH oxidase activation

because the translocation of p67phox to membrane and

p47phox phosphorylation was observed upon stimulation. In
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Figure 11 Role of ERK and ROS in LPS- and Pam3csk4-induced caspase-1 activation and IL-1b processing. Caspase-1 activity was measured by

fluorometric assay in (a) THP-1 cells and (b–c) primary monocytes after U0126, PD98059, DPI, and NAC pre-treatment followed by stimulation

with LPS and Pam3csk4 for 24 h (n5 3). U0126, PD98059, DPI, andNAC pre-treated THP-1 cells were stimulated with (d) LPS and (e) Pam3csk4

for 24 h, and pro-IL-1b andmature IL-1b protein expression wasmeasured by western blotting (n5 3). The blots represent one of the three similar

experiments. ***p , 0.001 versus control; $p , 0.05, $$p , 0.01, $$$p , 0.001 versus stimulated cells; ###p , 0.001 versus Pam3csk4-

stimulated cells.
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monocytes, upon NADPH oxidase complex activation, the

cytosolic components (p47phox, p67phox) translocate to the

membrane and actively catalyzes the production of super-

oxide anion.56 TLR2- and TLR4-induced IRAK1 regulates

ROS generation by regulating the ERK–p67phox interaction

because in presence of an IRAK1/4 inhibitor, decreased ERK–

p67phox interaction is observed, resulting in reduced trans-

location of p67phox to the membrane. Using a specialized

program,57 an in silico-based phosphorylation site analysis

was performed. The presence of putative high stringency

ERK-binding site (V403) in p67phox (analysis not shown)

was found. This result may explain the binding of p67phox

with ERK. However, whether interruption of the putative

ERK binding motif in p67phox abolishes ERK/p67phox

interaction and ROS generation requires experimental valid-

ation. p67phox can complex with Nox-1, Nox-2, and Nox-3

during superoxide production.32 In the present study, TLR4-

and TLR2-mediated p67phox–Nox-2 interaction was IRAK

and ERK dependent. It has been reported that diabetic mice

deficient in Nox-derived ROS were protected due to blunted

TLR-dependent macrophage responses.33 Because Nox-2 is

the major isoform present in monocytes, we evaluated its role

in IL-1b production. The role of Nox-2 in IL-1b secretion,

transcription and processing was evident by siRNA experi-

ments. Nox-2 is essential for TLR2-induced inflammatory

response in macrophages37 and TLR4 activation appears to

be a prerequisite for Nox-2 activation.58 Based on these

results, it can be asserted that, at least, Nox-2 plays a signifi-

cant role in TLR2- and 4-induced IL-1b production, tran-

scription, and processing. The present study thus connects

the TLR pathway with the ERK-p67phox-Nox-2 axis for IL-

1b production, transcription, and processing in monocytic

cells. Whether other Nox isoforms, such as Nox-1 and Nox-

4, also operate in a similar manner requires further invest-

igation.

We propose a novel pathway in which TLR2 and TLR4

induce IRAK1-ERK activation, which subsequently regulates

the ERK–p67phox interaction andNox-2-dependent ROS gen-

eration for IL-1b transcription and processing in an AP-1- and

caspase-1-dependent manner.
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