
Induction of copper/zinc-superoxide dismutase by CCL5/CCR5

activation causes tumour necrosis factor-a and reactive oxygen

species production in macrophages

Introduction

The CC chemokine receptor 5 (CCR5) is a G-protein-

coupled seven-transmembrane receptor that binds the

chemokines monocyte inflammatory protein CCL3 (MIP-

1a), CCL4 (MIP-1b) and CCL5 (RANTES).1 It is mainly

expressed in memory T cells,2,3 macrophages4 and imma-

ture dendritic cells.5–7

CCR5 is the main co-receptor for macrophage (M) and

dual (T-cell and M)-tropic immunodeficiency viruses8,9

and is implicated in human immunodeficiency virus

infection.10–12 Chemokine interaction with CCR5 plays a

crucial role in the trafficking of leucocytes13 and the regu-

lation of effector functions,14,15 and is involved in the

development of several inflammatory diseases10 and can-

cer.16

Activation of CCR5 has been shown to trigger diverse

cellular responses including inhibition of cyclic adenosine

monophosphate production,13 stimulation of Ca2+

release,17 and activation of phosphatidyl inositol 3-kinase

(PI3K)18 and mitogen-activated protein (MAP) kinases,19

as well as other tyrosine kinase cascades.20,21 Although

considerable progress regarding CCR5 signal transduction

has been made, many downstream events are still poorly

understood.

Reactive oxygen species (ROS) are produced by inflam-

matory macrophages and neutrophils and serve an essen-

tial role in host defence probably against viruses, bacteria

and tumours.22–24 It is also recognized as an important

mediator in the pathogenesis of inflammatory diseases

such as asthma,25 rheumatoid arthritis26 and acquired

immune deficiency syndrome.27 In addition, ROS and,

specifically, hydrogen peroxide have been shown to serve

as second messengers at small, non-toxic concentrations.28

They induce the activation and phosphorylation of stress

kinases (JNK, ERK, p38) and redox-sensitive transcription

factors such as nuclear factor-jB (NF-jB), all of which

lead to an increase in the expression of genes of

proinflammatory mediators. An increasing body of evi-

dence has demonstrated that cytoplasmic copper/zinc
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Summary

Using two-dimensional sodium dodecyl sulphate–polyacrylamide gel electro-

phoresis, we found that copper/zinc superoxide dismutase (Cu/Zn-SOD,

SOD-1) was induced in constructed CCR5 stably transfected HEK 293

cells, but not in mock cells, treated with CCL5. CCL5-induced SOD-1

expression was also confirmed in HEK 293-CCR5 cells and CCR5-positive

granulocyte–macrophage colony-stimulating factor-induced human macro-

phages and murine macrophage RAW264.7 cells. CCL5 and CCR5 inter-

action induced SOD-1 expression mainly via MEK–ERK activation. In

addition, we provided evidence that upregulation of SOD-1 by CCL5/

CCR5 activation occurred in parallel with the increased release of tumour

necrosis factor-a and nitric oxide and production of intracellular reactive

oxygen species as well as enhanced nuclear factor-jB transcriptional acti-

vity in CCR5-positive RAW264.7 cells. Conversely, the MEK1/2 inhibitor

PD98059 significantly inhibited SOD-1 expression with the decrease of

these biological responses. More importantly, inhibition of SOD-1 activity

by disulfiram also strongly inhibited the CCL5-induced biological effects.

These data suggest that SOD-1 mediates CCR5 activation by CCL5 and

that pharmacological modulation of SOD-1 may be beneficial to CCR5-

associated diseases.
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superoxide dismutase (Cu/Zn-SOD; SOD-1), one of the

superoxide dismutases that convert ROS into hydrogen

peroxide, may be involved in mediating some signal

transduction events. The decreased expression of SOD-1

has been observed in the myeloid cells in response to

granulocyte colony-stimulating factor29 while increased

expression of SOD-1 has been found in the macrophages

treated with tumour necrosis factor-a (TNF-a) and lipo-

polysaccharide (LPS).30 Moreover, transgenic mice over-

expressing SOD-1 have a higher angiogenic potential,

inflammatory and immune responses.30

In this study, we focused on the effect of CCL5 on

CCR5-expressing cells. Proteomic technology revealed

that SOD-1 was induced in a CCR5-dependent manner in

the constructed HEK 293-CCR5 cells stimulated by CCL5,

followed by verification with Western blot analysis in the

HEK 293-CCR5 cells, CCR5-positive granulocyte–macro-

phage colony-stimulating factor (GM-CSF)-induced

human macrophages and murine macrophage RAW264.7

cells. We further examined the correlation between

SOD-1 level and CCR5/CCL5-mediated responses, such as

release of inflammatory mediators like TNF-a and nitric

oxide, intracellular ROS formation and NF-jB transcrip-

tional activity, and the possible involvement of signal

transduction pathways in CCR5-expressing macrophages

to explore SOD-1 as a potential target for pharmaco-

logical modulation of CCR5/CCL5-associated diseases.

Materials and methods

Materials

CCL5 was purchased from PeproTech (Rocky Hill, NJ).

PD98059 was obtained from New England Biolabs (Bev-

erly, MA) and wortmannin was obtained from Calbio-

chem (San Diego, CA). Disulfiram (DSF) was purchased

from Fluka (Buchs, Switzerland). 20,70-dichlorofluorescin

diacetate (DCFH-DA) and LPS (0111:B4) were supplied

by Sigma (St Louis, MO). Enzyme-linked immunosorbent

assay (ELISA) kits for murine TNF-a, recombinant

human (rh) GM-CSF, and anti-mCCR5 antibody (Clone:

45531) were purchased from R&D Systems (Minneapolis,

MN). Anti-human CCR5 antibody (Clone: C34-3448) was

obtained from BD Pharmingen� (San Diego, CA). Anti-

Cu/Zn SOD-specific polyclonal antibody was supplied by

abcam (Cambridge, UK), and horseradish peroxidase-

coupled secondary antibodies were purchased from Santa

Cruz Biotechnology (Santa Cruz, CA).

Cells and culture

HEK 293 cells and murine macrophage RAW264.7 cells

were obtained from the American Type Culture Collec-

tion (ATCC, Manassas, VA). They were cultured in Dul-

becco’s modified Eagle’s minimum essential medium

(DMEM) supplemented with 10% (v/v) heat-inactivated

fetal calf serum (Invitrogen, Carlsbad, CA), 2 mM L-gluta-

mine, 100 units/ml penicillin and 100 lg/ml streptomycin

at 37� in a humidified incubator of 5% CO2.

GM-CSF-induced human macrophages (GHM) were

prepared as described.31 In brief, monocytes were isolated

by NycoPrep 1.068 (Nycomed, Oslo, Norway) or Ficoll–

hypaque density gradient centrifugation from at least

three different normal human donors, then cultured at

approximately 1 · 107 cells per well in six-well plates with

serum-free medium RPMI-1640 at 37� for 4 hr. Then, the

culture medium was replaced with RPMI-1640 plus 10%

fetal bovine serum and 10 ng/ml rhGM-CSF (R&D Sys-

tems) and refreshed with same medium 3 days later. After

7 days of culture, cells were designated as GM-CSF-

induced human macrophages and collected for the

following experiment.

Construction of CCR5 stable transfectants

The expression vector of human CCR5 constructed in

pcDNA3.0 was a kind gift from Michel Samson (Unive-

risté de Rennes I, France).32 The clone was confirmed by

DNA sequencing. HEK 293 cells were transfected with

CCR5 constructs and control vector by lipofectamine

reagent (Invitrogen). Two days after transfection, selec-

tion for stably transfected cells was initiated by the addi-

tion of 400 lg/ml G418 (Life Technologies, Inc.,

Rockville, MD). After 2 weeks in G418 culture medium,

the stable transfectants of CCR5 constructs and control

vector were obtained and designated as HEK 293-CCR5

cells and mock cells. For all studies, at least two different

clones of HEK 293-CCR5 cells were studied and similar

results were obtained from both clones.

Flow cytometric analysis of CCR5 expression

HEK 293-CCR5 cells, mock cells, GHM and RAW264.7

cells were incubated with anti-CCR5 antibodies at 4�
overnight and washed twice with phosphate-buffered

saline (PBS). GM-CSF-induced human macrophages and

RAW264.7 were treated with an isotype matched antibody

(Pharmingen) as control. Cells were then incubated

with the fluorescein isothiocyanate (FITC)-conjugated

immunoglobulin at 4� for 30 min and washed with PBS

again. Finally, cells were subjected to Flow cytometer (BD

company, San Jose, CA) to analyse the cell-surface expres-

sion of CCR5.

Two-dimensional analysis

HEK 293-CCR5 cells and mock cells (2 · 106 cells) were

treated with CCL5 (50 nM) for 8 hr. Then, cells were

lysed with 0�2 ml rehydration/sample buffer [8 M urea,

2% 3-((3-cholamidopropyl)dimethylammonio)-1-propane-
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sulphonic acid (CHAPS), 0�2% pH 3–10 isoelectric pH

gradient (IPG) buffer, 50 mM dithiothreitol] with repeated

supersonic liberation on ice and centrifuged at 8000 g for

1 hr. The supernatants were collected and the protein con-

centrations were determined by Bradford protein assay

method, using bovine serum albumin as a standard.25 Pro-

teins samples (300 lg total proteins) were mixed with

350 ll rehydration/sample buffer (8 M urea, 2% CHAPS,

phenyl methylsulphonyl fluoride 0�2% pH 3–10 IPG buffer,

50 mM dithiothreitol). Isoelectric focusing was carried out

on Protean IEF System using pH 3–10 IPG gel strips (Bio-

Rad Laboratories Inc., Hercules, CA) at 20�. The strips were

then placed on 12% sodium dodecyl sulphate (SDS) poly-

acrylamide gels and the second direction electrophoresis

was run at constant current (15 mA per gel) for 30 min

and then run at constant current (50 mA) until bromophe-

nol blue reached the end of the gel, according to the manu-

facturer’s instructions from Bio-Rad. After being stained

with 0�25% silver nitrate, the two-dimensional gels were

scanned with GS800 (Bio-Rad) and were analysed using

PDQUEST software (Version 7.0.0; Bio-Rad) according to

the protocols provided by the manufacturer.

MALDI-TOF-MS-MS analysis and database search

Proteins were analysed by matrix-assisted laser desorption/

ionization time-of-flight mass spectroscopy (MALDI-TOF-

MS/MS) as the reference.33 Briefly, the differential protein

spots were excised from the gels, washed, destained with a

solution of 15 mM potassium ferricyanide and 50 mM

sodium thiosulphate (1 : 1) for 20 min at room tempera-

ture, followed by incubation in a digestion buffer contain-

ing 20 mM ammonium bicarbonate and 20 ng/ml

sequencing-grade modiWed trypsin for 12 hr at 37�. The

resulting peptides were then extracted twice with 0�1% tri-

fluoroacetic acid in 50% acetonitrile, dried with N2. The

dried peptides were then mixed with 20 mg/ml a-cyano

4-hydroxy cinnamic acid in acetonitrile and loaded onto a

MALDI target plate. Spectra were obtained using a mass

spectrometer MALDI-TOF-MS/MS (ABI 4700). The search

parameters were as follows: NCBI database, human,

molecular weight ranged from 700 to 3200, trypsin digest

with one missing cleavage, peptide tolerance of ± 0�2, MS/

MS ion mass tolerance of ± 0�6, and possible oxidation of

methionine. The MASCOT score calculated by the software

was used as criterion for correct identification.

Western blot analysis of SOD-1 expression

HEK 293-CCR5 cells and mock cells were seeded in six-

well plates at a density of 2 · 106 cells/well and incubated

with CCL5 (50 nM) for 0, 2, 4, 8, 12 and 16 hr, respec-

tively. Cells were then washed three times with ice-cold

PBS and subsequently lysed with 0�2 ml of buffer (Pierce)

at room temperature. The supernatants were collected

after the centrifugation at 8000 g for 10 min. Samples

were quantified with the micro BCA Protein Assay

Reagent kit (Pierce, Biotechnology Inc., Rockford, IL).

Then, 20 lg of protein extracts were run on 12% SDS–

PAGE gels, transferred onto nitrocellulose filter. The filter

was incubated with anti-Cu/Zn SOD specific polyclonal

antibody (abcam, Cambridge, UK) (1 : 1000), followed by

a rabbit anti-sheep-specific antibody (1 : 10000) (Santa

Cruz) and lastly developed using chemiluminescent detec-

tion methods (ECL Kit, Amersham Pharmacia Biotech,

Little Chalfont, UK). In some experiments, GHM and

RAW264.7 cells (2 · 106 cells) were treated with CCL5

(50 nM) for the indicated times.

To examine the effects of the MEK1/2 inhibitor or

PI3K inhibitor on SOD-1 expression, HEK 293-CCR5

cells and mock cells, and RAW264.7 cells were pretreated

with PD98059 (50 lM) or wortmannin (100 nM) for

30 min and then stimulated with CCL5 (50 nM) for 8 hr.

To exclude the possible endotoxin contamination of

reagents, CCL5 was heated at 100� for 5 min and the

heat-inactivated CCL5 was tested for the induction of

SOD-1 in RAW264.7 cells.

Detection of intracellular ROS formation

Intracellular ROS formation was assessed using a

redox-sensitive dye 20, 70-dichlorofluorescin diacetate

(H2DCFDA). RAW264.7 cells (2 · 106 cells/ml) were cul-

tured in 96-well plate and pretreated with CCR5 anti-

body, PD98059, wortmannin, DSF or left untreated for

30 min followed by stimulation with CCL5 (50 nM) for

12 hr. Fluorescence was measured with a fluorometer

(FLUOstar, BMG LabTechnologies, Offenburg, Germany)

after the cells were loaded with 10 lm H2DCFDA (Sigma)

for 30 min.

Assay of NF-jB activity

RAW264.7 cells (2 · 105) were cotransfected with the

mixture of pGL3.5XjB-luciferase, and pRL-TK-Renilla-

luciferase using lipofectamine reagent. Twenty-four hours

after transfection, cells were pretreated with inhibitors for

30 min and then left untreated or were treated with CCL5

(50 nM) for 6 hr. The NF-jB luciferase activities were

measured using Dual-Luciferase Reporter Assay System

(Promega Corp., Madison, WI) according to the manufac-

turer’s instructions. Data are normalized for transfection

efficiency by dividing firefly luciferase activity with that of

Renilla luciferase.

TNF-a assay

The RAW264.7 cells (2 · 106 cells/ml) were pretreated

with inhibitors for 30 min and then left untreated or trea-

ted with CCL5 (50 nM) for 6 hr. Cell supernatants were
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collected and assayed for TNF-a activity. The TNF-a was

assayed both by ELISA and for biological activity. For

ELISA, TNF-a protein was determined using the Quanti-

kine murine TNF-a ELISA kit (R&D Systems) according

to the manufacturer’s instructions. The TNF-a biological

activity was measured using TNF-a-sensitive L929 cells.

L929 (mouse fibrosarcoma) cells were obtained from the

ATCC and maintained in DMEM supplemented with

10% fetal calf serum. Briefly, the supernatants were added

to cultures of L929 (2 · 104 cells/well) in the presence of

actinomycin D (1 lg/ml) for 24 hr, cell viability was

determined by MTT uptake as previously described.34

Detection of nitric oxide production

The RAW264.7 cells (2 · 106 cells/ml) were cultured in

DMEM without phenol-red (GIBCO Life Technologies).

Cells were pretreated with inhibitors for 30 min and then

left untreated or treated with CCL5 (50 nM) for 0, 6, 12,

24, 48 hr. Cell supernatants were harvested and the con-

centrations of nitric oxide in supernatants were measured

using the Griess reagent. In brief, Griess reagent (Sigma)

was prepared by mixing equal volumes of 1% sulfanil-

amide and 0�1% naphtylethylenediamide in 2�5% phos-

phoric acid just before use. One hundred microlitres of

Griess reagent was mixed with equal amounts of cell

supernatants. After incubation at room temperature for

10 min, the absorbance value was measured using a Bio-

Rad (Model 550) microplate reader at 570 nm. Concen-

tration of nitrite was assessed by reference to a sodium

nitrites standard curve.

Statistical analysis

All experiments were repeated at least three times. Data

are shown as means ± standard deviations. Statistical

significance was determined by Student’s t-test with a

value of P < 0�05 considered as statistically significant.

Results

CCR5 expression

To study the function of CCR5 and its ligands, we first

constructed HEK 293-CCR5 cells with HEK 293 cells

transfected with pcDNA3-CCR5 constructs and selected

with G418 and analysed the expression CCR5 on the cell

surface by flow cytometry. Cells were incubated with

CCR5 antibody and subsequently FITC-conjugated goat

anti-mouse immunoglobulin as secondary antibody. As

expected, considerable fluorescence staining was observed

in HEK 293-CCR5 cells. Meanwhile, GM-CSF-induced

human macrophages prepared from human monocytes

by 7 days culture of 10 ng/ml rhGM-CSF, and murine

macrophage RAW264.7 cells also showed a log shift in

CCR5 fluorescence intensity (Fig. 1). These CCR5-

expressing cells were used for the following experiments.

Expression of Cu/Zn SOD is upregulated upon the
activation of CCR5 with CCL5

Proteomic technology was performed to explore proteins

related with the function of CCR5. Total protein samples

from HEK 293-CCR5 cells and mock cells treated with

CCL5 were prepared in parallel for three independent

experiments. Each protein extract was then separated in

triplicate by two-dimensional SDS–polyacrylamide gel

electrophoresis (2-D SDS–PAGE). As the typical high res-

olution silver-stained 2-D map shows in Fig. 2, several

unique differentially expressed proteins in HEK

293-CCR5 cells were observed compared with mock cells

treated with CCL5. Of particular interest was the identifi-

cation of one protein (spot 4103), Cu/Zn-SOD, SOD-1,

in HEK 293-CCR5 cells, but not in mock cells. Two other

proteins were found to be modulated by CCL5, dihydro-

folate reductase (spot 7101) and dUTP pyrophosphatase

(spot 4105).
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Figure 1. CCR5 expression on the surface of HEK 293-CCR5 cells, granulocyte–macrophage colony-stimulating factor (GM-CSF)-induced human

macrophages and murine macrophage RAW264.7 cells. (a) HEK 293-CCR5 cells (grey area) and mock cells (open area) were incubated with

5 lg/ml monoclonal antibody against CCR5 and fluorescein isothiocyanate-conjugated immunoglobulin. CCR5 expression of 5000 cells was

determined by flow cytometry. (b, c) Human macrophages were isolated from different healthy donors and treated with 10 ng/ml recombinant

human GM-CSF for 7 days. The GM-CSF-induced human macrophages and murine macrophage RAW264.7 cells were incubated with CCR5

antibody (grey area) or the isotpye matched immunoglobulin (open area). Three separate experiments were performed and a representative one

is shown.
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CCR5/CCL5 induced Cu/Zn-SOD expression via the
MEK-ERK pathway

To confirm the regulation of SOD-1 by CCR5, Western blot

analysis was conducted to investigate SOD-1 expression in

HEK 293-CCR5 cells, GHM and RAW264.7 cells stimulated

with CCL5 for various periods of time. As shown in

Fig. 3(a–c), the activation of CCR5 by CCL5 markedly

stimulated SOD-1 expression in HEK 293-CCR5 cells with

maximal effects between 8 and 12 hr. Similarly, SOD-1

expression was also noticeably induced in GHM and

RAW264.7 cells. However, in the mock cells there was no

change of SOD-1 expression. The results suggest that CCL5

induces SOD-1 expression in a CCR5-dependent manner.

Since binding of CCR5 with its ligands stimulates

numerous kinases including PI3-kinase and MAP kinases,

MEK1/2 inhibitor (PD98059) and PI3K inhibitor (wort-

mannin) were used to investigate the possible mecha-

nisms involved in the regulation of CCL5/CCR5 on

SOD-1expression. As shown in Fig. 3(d), PD98059 notice-

ably inhibited the expression of SOD-1 protein in HEK

293-CCR5 cells stimulated with CCR5/CCL5, while wort-

mannin had no effect. Similar results were also observed

in RAW264.7 cells (Fig. 3e) and GHM treated with CCL5

(data not shown). The results indicate that CCR5/CCL5

induces SOD-1 expression mainly via MEK-ERK signal

transduction. On the other hand, the heat-inactivated

CCL5 appeared to have no effect on SOD-1 expression.

CCL5 induces TNF-a and NO production from
macrophages

Macrophage activation results in the release of various

proinflammatory mediators. To examine the correlation

between SOD-1 level and the production of proinflamma-

tory mediators, we analysed CCL5-induced TNF-a pro-

duction from RAW264.7 cells. CCL5 significantly induced

the release of TNF-a in RAW264.7 cells, as measured by

biological activity (Fig. 4a); Similar results were demon-

strated for TNF-a protein by ELISA (Fig. 4c). This effect

was substantially attenuated by a blocking antibody

against CCR5, indicating that CCR5 receptors mediate

CCL5 signalling in macrophages. Consistent with the

observation that CCL5-induced SOD-1 expression via

MEK-ERK activation, the release of TNF-a from CCL5-

stimulated RAW264.7 cells was also markedly blunted by

incubation with PD98059 (25–50 lM) but not by wortma-

nin (100 nM). Importantly, the SOD-1 inhibitor DSF

(0�1–0�3 lM) also dose-dependently inhibited TNF-a
release from activated RAW264.7 cells by 29�3 and 50�3%

(Fig. 4b). These data indicate that SOD-1 is involved in

the CCL5-induced TNF-a release from macrophages. To

exclude the possibility that the inhibition was the result

of direct toxicity of DSF to the cells, we evaluated cell

toxicity of DSF using trypan blue staining in parallel

experiments. Our results showed over 99% macrophage

viability following the treatment of DSF at the concentra-

tions and time used in the experiments.

We also analysed nitric oxide production by RAW264.7

cells stimulated with CCL5 and its possible mechanisms.
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Figure 2. Two-dimensional sodium dodecyl sulphate–polyacrylamide

gel electrophoresis of HEK 293-CCR5 cells and mock cells stimulated

with CCL5. Total proteins were extracted from HEK 293 mock cells

(a, c) and HEK 293-CCR5 cells (b, d) treated with CCL5 (50 nm)

for 8 hr. Molecular weight (MW) and isoelectric point (pI) are indi-

cated along the y- and x-axes, respectively. Significant differences in

protein expression profile are shown for selected regions. The spots

marked with circles were upregulated and those marked with squares

were downregulated. The results show that the 15�8/5�4 protein at

spot 4103 was identified as superoxide dismutase-1.
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Figure 3. CCR5/CCL5 regulated the expression of superoxide dismu-

tase-1 (SOD-1) mainly via MEK-ERK signal transduction. (a–c)

HEK 293-CCR5 cells and HEK 293 mock cells, RAW264.7 cells

and granulocyte–macrophage colony-stimulating factor (GM-CSF)-

induced human macrophages were stimulated with CCL5 (50 nm)

for the indicated times. (d) HEK 293 mock cells (left) and HEK 293-

CCR5 cells (right) were pretreated with 50 lm PD98059 or 100 nm

wortmannin or medium with an equal volume of drug solvent for

30 min followed by CCL5 (50 nm) for 8 hr. (e) RAW264.7 cells were

pretreated with PD98059 or wortmannin or medium with an equal

volume of drug solvent for 30 min followed by CCL5 (50 nm) for

8 hr. Meanwhile heat-inactivated CCL5 (50 nm) was used to exclude

the endotoxin contaminant of reagent. Then, the cell lysates were

prepared and SOD-1 level was determined by Western blot analysis.
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CCL5 caused a marked increase in NO production in a

concentration-dependent and time-dependent manner

(Fig. 5a). CCR5 blockade also inhibited CCL5-induced

NO production, further demonstrating a role for this

receptor in mediating CCL5 effects in macrophages. In

addition, incubation of cells with PD98059 or wortman-

nin prevented the release of NO from CCL5-stimulated

RAW264.7 cells (Fig. 5b). These results indicates that

CCL5-induced NO production involves both MEK-ERK

and PI3K pathways. The inhibiting role of DSF (0�3 lM)

was observed on NO secretion. It also indicated that

SOD-1 is involved in the CCL5-induced NO release from

macrophages.

CCL5 regulated intracellular ROS level

Based on our observation of an association of SOD-1

expression and activity with TNF-a release in CCL5-

treated macrophages and the role of SOD-1 in convert-

ing superoxide anion into hydrogen peroxide, we

examined whether CCL5 affected intracellular ROS

formation. As shown in Fig. 6(a), CCL5 induced

approximately 1�6-fold and 2�2-fold increases in intra-

cellular ROS level in RAW264.7 at the concentrations

of 25 and 50 nM, as measured by DCFDA fluorescence.

Similar to our observation on SOD-1 expression and

TNF-a release, this effect was attenuated by a CCR5

blocking antibody, by PD98059 but not by wortmannin.

These results indicated that CCL5-induced intracellular

ROS production is mediated through CCR5 receptors

and MEK-ERK activation. In addition, pretreatment of

cells with the SOD-1 inhibitor DSF also markedly

inhibited intracellular ROS formation from CCL5-stimu-

lated RAW264.7 cells (Fig. 6b), suggesting that the

induction of SOD-1 by CCL5 may scavenge of super-

oxide radicals and cause increased cellular production

of hydrogen peroxide.

CCL5 induced NF-jB activation

NF-jB is a redox-sensitive transcriptional factor that reg-

ulates a number of proinflammatory genes including

TNF-a as well as SOD in macrophages. We assessed

CCL5-induced NF-jB activity in RAW264.7 cells. As

shown in Fig. 7, CCL5 significantly increased NF-jB

transcriptional activity in macrophages compared with

the control group, as measured by luciferase reporter

gene assay. DSF (0�3 lM) markedly inhibited this effect,

suggesting that SOD-1 is involved in the CCL5/CCR5-

induced NF-jB transcription activity. In contrast, incu-

bation of cells with CCR5 antibody significantly reduced

CCL5-induced NF-jB activity. The inhibition of

PD98059 (PD, 50 lM) and wortmannin (100 nM) on

NF-jB activity showed that both of MEK-ERK and PI3K
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signal transduction were required for NF-jB activation

in macrophages.

Discussion

In this study, we report on the discovery of a novel

downstream event linking CCL5-induced activation of the

chemokine receptor CCR5 resulting in several biological

responses to an induction in SOD-1 expression in CCR5-

positive macrophages. Moreover, induction of SOD-1 is

CCR5-dependent and mainly via MEK-ERK activation. In

addition, DSF, an inhibitor of SOD-1, strongly inhibited

some CCL5-induced biological responses. These data sug-

gest that SOD-1 may mediate CCR5 activation by CCL5

and pharmacological modulation of SOD-1 may alter

CCR5-associated diseases.

SOD-1, found mainly in the cell cytoplasm, is one of

the SODs that converts superoxide anion into hydrogen

peroxide.35 Interestingly, we found that SOD-1 was mark-

edly increased by CCL5 in CCR5 stably transfected HEK

293 cells and CCR5-positive human monocyte-derived

macrophages and RAW264.7 cells. Moreover, treatment

of HEK 293 mock cells with CCL5 had no effect on

SOD-1 expression, indicating that elevation of SOD-1 by

CCL5 is CCR5-dependent. CCL5–CCR5 interaction has

been shown to be involved not only in chemotaxis but

also in leucocyte activation.36,37 In accord with previous

studies, we found that binding of CCR5 with CCL5

resulted in significant macrophage activation, as shown

by increased release of TNF-a and nitric oxide and
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production of intracellular ROS as well as enhanced NF-

jB activity in CCR5-positive RAW264.7 cells. Activation

of macrophages by LPS and TNF-a has been reported

to increase SOD-1 levels in cultured peritoneal

macrophages.30 Taken together, these findings suggest

that elevation of SOD-1 may be one of the common

pathways of macrophage activation.

Ordinarily, enhanced expression of SOD-1 is consid-

ered one of the first lines of antioxidant defence to lower

the excess ROS generated when macrophages are acti-

vated, thereby providing a mechanism for protection of

the cell from injury and apoptosis. Therefore, the overex-

pression of SOD-1 found in this study may arise from the

increase in oxidation that was induced by CCL5/CCR5

activation to maintain lower levels of superoxide anions

in the cell. Alternatively, SOD-1 may also be involved in

mediating some signal transduction events of CCL5–

CCR5 interaction because ROS and specifically hydrogen

peroxide at relatively low concentrations serve as second

messengers. We provide evidence that several CCL5-

induced biological responses in CCR5-positive murine

macrophage RAW264.7 cells may arise from changes in

SOD-1 activity: (i) the stimulatory effects of CCL5/CCR5

activation on NF-jB activation and TNF-a production

described above were in parallel with upregulation of

SOD-1; (ii) MEK1/2 inhibitor PD98059 significantly

inhibited SOD-1 expression with the decrease of these

biological responses; and (iii) importantly, inhibition of

SOD-1 activity by DSF also produced similar effects. It

has been well documented that ROS, especially hydrogen

peroxide, serve as messengers mediating directly or

indirectly the activation of transcription factors such as

NF-jB, and as a result the induction of various pro-

inflammatory genes.38,39 As we have observed in this

study, CCL5/CCR5 activation induced the intracellular

ROS formation and elevated SOD-1 expression, which

may scavenge superoxide radicals and cause increased cel-

lular production of hydrogen peroxide, and consequently

promote NF-jB activation and TNF-a release. Moreover,

the inhibitory effect of DSF on NF-jB activation and

TNF-a release suggests the involvement of increased pro-

duction of ROS and hydrogen peroxide in macrophages.

Activation of CCR5 by its ligands has been shown to

stimulate numerous kinases including PI3K18 and MAP

kinases.19 Indeed, preincubation of the CCR5 stably trans-

fected HEK 293 cells with the MEK1/2 inhibitor PD98059

completely prevented the induction of SOD-1 by CCL5.

PD98059 also significantly inhibited CCL5-induced SOD-

1 expression in the CCR5-positive GM-CSF-induced

human macrophages and murine macrophage RAW264.7

cells. However, the PI3K inhibitor wortmannin failed to

inhibit this effect. These data suggest that MEK-ERK is

involved in the CCR5-dependent SOD-1 expression. Simi-

larly, CCL5 induced intracellular ROS production and

TNF-a release mainly via MEK-ERK but not PI3K activa-

tion. Interestingly, in the same condition, CCL5-stimu-

lated NF-jB activation and nitric oxide release in

RAW264.7 macrophages involved both MEK-ERK and

PI3K activation.

There exist four types of SOD based on the metal spe-

cies at the active site of the enzyme: Cu/Zn-SOD,

Mn-SOD, Fe-SOD and Ni-SOD. Based on the proteomic

results this study has examined only Cu/Zn-SOD. It is

well-known that the chemokine receptor CCR5 is shared

by at least three chemokine ligands, CCL3, CCL4 and

CCL5 but we only used CCL5 as a stimulator in this

study. Despite these limitations, this study can clearly

indicate that SOD-1 plays an important role in CCL5/
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with 5 lg/ml neutralizing anti-CCR5 antibody or isotype-matched

immunoglobulin G (IgG). (b) Cells were treated with PD98059

(50 lm), wortmannin (100 nm) and DSF (0�1–0�3 lm) or medium

with equal volume of drug solvent; 30 min later, CCL5 (50 nm) was

added for 6 hr. The NF-jB luciferase activity was measured using

Dual-Luciferase Reporter Assay System and normalized with Renilla

luciferase activity. *P < 0�05 compared with medium, �P < 0�05

compared with CCL5 and isotype matched IgG, #P < 0�05 compared

with CCL5 (50 nm) stimulation.
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CCR5 activation. In addition, it seems unlikely that all

CCL5 effects can be explained by increased SOD-1

activity, because treatment with DSF failed to completely

abolish CCL5-induced responses. Moreover, our result

showed the approximately 50% inhibition of TNF-a
release by the neutralizing CCR5 antibody or PD98059

compound. Although these systems are probably involved,

there appears to be related binding of CCL5 to its

receptors or yet unknown complex signal transduction

pathways. CCL5 has been shown to interact with the

G-coupled protein receptors CC chemokine receptors

(CCR) 1, 3 and 5.19 The diverse roles of CCL5 might be a

result of the large family of receptors through which it

can signal. We showed in this study that both the

MEK-ERK and PI-3K pathways were involved in some

CCL5-induced biological responses and blocking of CCR5

blunted 50% of CCL5-induced signalling events. The pos-

sibility that other chemokine receptors expressed in

macrophages mediate the remaining effects of CCL5 can-

not be excluded and whether SOD-1 transduces down-

stream events of other chemokine receptors remains to be

determined.

In conclusion, this study identifies SOD-1 as mediating

CCR5 activation by CCL5 in CCR5-positive macrophages.

Chemokine CCL5 and chemokine receptor CCR5 are

known to play a vital role in regulating leucocyte traffick-

ing, engendering the adaptive immune response and con-

tributing to the pathogenesis of a variety of diseases so

SOD-1 may be a potential target for pharmacological

modulation of CCR5-associated diseases.
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