
The anti-inflammatory effects of interleukin-4 are not mediated by
suppressor of cytokine signalling-1 (SOCS1)

Introduction

Twenty years ago, interleukin (IL)-4 was found to have

anti-inflammatory properties, with an ability to suppress

the production of tumour necrosis factor (TNF)-a and

IL-1b by lipopolysaccharide (LPS)-activated human

monocytes.1 Since then, the list of anti-inflammatory

properties of IL-4 has grown, with IL-4 also inducing the

production of the IL-1 receptor antagonist (IL-1ra)2 and

a decoy type II receptor,3 as well as protecting against

cartilage and bone erosion.4–6 It is now recognized that

IL-4 directs a programme of alternative macrophage acti-

vation. In contrast to classically activated (M1) macro-

phages, which participate in a T helper type 1 (Th1)

polarized response and enhance production of pro-

inflammatory cytokines, alternatively activated (M2)

macrophages counteract inflammation via the release of

IL-1ra, IL-10 and transforming growth factor (TGF)-b
and promote wound healing and tissue repair.7–9.

IL-4 has been successfully used in the treatment of

inflammatory disease in animal models,6,10 and in pilot

studies, injections of IL-4 markedly improved the

inflammatory skin condition psoriasis.11 Recent studies

suggest that therapies that act to increase concentrations

of IL-4 in tissues may be useful in the treatment of

inflammation.12,13 However, the exact mechanisms by

which IL-4 exerts its anti-inflammatory effects are

poorly understood. There is a degree of divergence in

gene expression profiles of alternatively activated macro-

phages between species, with many of the murine

restricted markers lacking homologues in humans.14

Furthermore, the mechanisms by which IL-4 suppresses

pro-inflammatory cytokine production may differ in

murine15,16 and human cells.17–19 This highlights the
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Summary

While it is known that the anti-inflammatory effects of interleukin (IL)-4

require new protein synthesis, the exact mechanisms by which IL-4 sup-

presses the production of pro-inflammatory cytokines by human mono-

cytes and macrophages is unclear. IL-4 rapidly induced suppressor of

cytokine signalling-1 (SOCS1) mRNA and protein, which peaked at

60 min, much earlier than lipopolysaccharide (LPS)-induced SOCS1

mRNA and protein which were consistently maximal 4 hr post-exposure.

SOCS1 is a molecule generally considered to be induced for negative

feedback of inflammatory processes. We investigated whether the early

induction of SOCS1 by IL-4 was responsible for the suppression of

LPS-induced tumour necrosis factor (TNF)-a production by IL-4. IL-4

suppressed LPS-induced TNF-a in freshly isolated monocytes at the level

of transcription but acted by a different, possibly translational, mecha-

nism in monocytes cultured overnight in macrophage colony-stimulating

factor (M-CSF). Despite different modes of regulation by IL-4, the kinetics

and magnitude of induction of SOCS1 mRNA and protein by IL-4 in the

two cell types were identical. There was no significant difference in the

suppression by IL-4 of LPS-induced TNF-a production by bone-marrow

derived macrophages from wild-type mice, Ifnc)/) mice and mice lacking

SOCS1 (Socs1)/)Ifnc)/)). These data suggest that SOCS1 is not involved

in the suppression of LPS-induced TNF-a production by IL-4.

Keywords: endotoxin/lipopolysaccharide; inflammation; macrophages/

monocytes; signalling/signal transduction
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need for further studies in human primary cells.

Gaining a better understanding of IL-4 signalling in

human cells may allow the design of more effective

anti-inflammatory therapies, perhaps by targeting IL-4

signalling intermediates.

Signal transducer and activator of transcription 6

(STAT6) is the primary STAT activated in response to

IL-4 stimulation and is critical in the activation or

enhanced expression of many IL-4-responsive genes.20

The anti-inflammatory effects of IL-4 may occur directly

via STAT6 or via a new protein induced by STAT6. Cyto-

kine-induced signal transduction is regulated via feedback

regulatory proteins. One such family of proteins includes

the suppressors of cytokine signalling (SOCS) proteins.

These are a family of eight proteins [cytokine-inducible

Src Homology 2 (SH2)-containing protein (CIS) and

SOCS1 to SOCS7]. SOCS1 is an important regulator of

STAT6 and IL-4 signalling. There are three functional

STAT6 binding motifs of the sequence TTC(N)4GAA

located upstream of the transcriptional initiation site in

the SOCS1 promoter,21 and overexpression of SOCS1

inhibits STAT6 activation by IL-4 in M1222 and Th2

cells.23 In primary human macrophages, IL-4 induces

rapid de novo expression of SOCS1 in a STAT6-depen-

dent manner, and forced expression of SOCS1 inhibits

activation of STAT6 by IL-4. In SOCS1-deficient

(SOCS1)/)) murine macrophages, STAT6 activation and

IL-4-mediated gene expression are much greater and

more prolonged than in wild-type macrophages, suggest-

ing that SOCS1 is an important endogenous regulator of

IL-4 signalling in macrophages.24

Studies using cycloheximide show that the anti-inflam-

matory effects of IL-4 in monocytes are dependent on

new protein synthesis.17,25 In addition to regulating IL-4

signalling, SOCS1 is also a key regulator of many other

cytokines. SOCS1 is a critical inhibitor of the inflamma-

tory cytokine interferon (IFN)-c,26,27 negatively regulating

the phosphorylation and activation of IFN-c-induced

STAT1.28 SOCS1 negatively regulates LPS-induced macro-

phage activation in mice,29,30 and we have shown that

SOCS1 blocks LPS-induced TNF-a production by human

monocytes.31 Thus, SOCS1 is a candidate for the mecha-

nism by which IL-4 regulates LPS-induced production of

pro-inflammatory cytokines.

To determine whether IL-4-induced SOCS1 is part

of the mechanism by which IL-4 suppresses LPS-

induced TNF-a production by human monocytes, the

kinetics of SOCS1 mRNA induction was examined in

primary human monocytes treated with IL-4, LPS

and IFN-c. Responses were compared in freshly isolated

human monocytes and monocytes cultured overnight

in macrophage colony-stimulating factor (M-CSF).

Macrophages from SOCS1-deficient mice were used to

demonstrate that SOCS1 is unlikely to be involved in the

suppression of LPS-induced TNF-a production by IL-4.

Materials and methods

Isolation of human monocytes

Buffy coats from human blood were kindly provided by

the Australian Red Cross Blood Service (Perth, Australia).

Mononuclear cells were isolated from buffy coats on den-

sity gradients (Lymphopep; Nyegaard, Oslo, Norway).

Human monocytes were purified from mononuclear cells

to > 80% purity using centrifugal elutriation (JE-6B

Rotor; Beckman Coulter, Palo Alto, CA). Purified mono-

cytes were cultured in RPMI-1640 medium (Invitrogen,

Mount Waverly, Australia) containing 2 mM glutamine,

50 lM 2-mercaptoethanol, 5 lg/ml gentamycin and 2 mM

3-(N-morpholino)propanesulfonic acid (MOPS), supple-

mented with 10% fetal calf serum (FCS) (Thermotrace,

Melbourne, Australia). Monocytes were either used

immediately after isolation (freshly isolated monocytes)

or cultured overnight in Teflon Pots (Savillex, Minne-

tonka, MN) with 25 ng/ml recombinant human M-CSF

(PeproTech, Rehovot, Israel). All studies were performed

in accordance with National Health and Medical Research

Council (Australia) guidelines and approved by the insti-

tutional ethics committee.

Monocyte culture and measurement of TNF-a

Human monocytes (5 · 105 in 500 ll) were cultured in

flat-bottomed 48-well plates (BD Biosciences, San Diego,

CA). TNF-a levels were assayed in culture supernatants

harvested 24 hr after stimulation with LPS (500 ng/ml;

Sigma, St Louis, MO) with or without recombinant

human IL-4 (10 ng/ml; Bender MedSystems, Burlingame,

CA) using a human TNF enzyme-linked immunosorbent

assay (ELISA) set (BD OPtEIA; BD Biosciences) and

DELFIA assay system (Perkin Elmer, Glen Waverley,

Australia). IL-4 was added to cultures at the same time as

LPS. For each experiment, samples were assayed in tripli-

cate. The assay was sensitive to levels > 10 pg/ml TNF-a.

Real-time polymerase chain reaction (PCR) analysis of
TNF-a and SOCS1 mRNA

Human monocytes (106 in 1 ml) were treated with LPS

(500 ng/ml), IL-4 (10 ng/ml) or IFN-c (10 ng/ml) for

up to 24 hr. Total RNA was isolated using TRIzol

reagent (Invitrogen). Total RNA was reverse-transcribed

to cDNA using omniscript II reverse transcriptase (Qia-

gen, Clifton Hill, Australia) and oligo-dT primers (Pro-

mega, Madison, WI) in the presence of RNase inhibitor

(Perkin Elmer). Single-stranded cDNA was diluted 1 : 5

and real-time PCR performed using the QuantiTect

SYBR green PCR kit (Qiagen) and ABI-PRISM 7900HT

(Applied Biosystems, Mulgrave, Australia). SOCS1

mRNA was measured for up to 24 hr after treatment
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with cytokines. TNF-a was measured for up to 3 hr after

treatment with LPS and IL-4 together. To determine the

rate of TNF-a mRNA decay, 20 lg/ml actinomycin D

(Sigma) was added to cultures to block further mRNA

production 60 min after stimulation with LPS with or

without IL-4. TNF-a mRNA was measured at 15-min

intervals for up 90 min after addition of actinomycin D.

PCR conditions involved initial denaturation at 95� for

15 min, followed by 40 cycles of 95� for 15 seconds

and 60� for 1 min for TNF-a primers, and 45 cycles of

95� for 15 seconds, 60� for 30 seconds and 72� for

30 seconds for SOCS1 primers. Melting curve analysis

was used to assess the specificity of the PCR. Expression

levels were determined using a standard curve created

from 10-fold serial dilution of a TNF-a plasmid stan-

dard or serial dilutions of SOCS1 PCR product, and

normalized to the housekeeping gene ubiquitin-conjugat-

ing enzyme E2D 2 (UBE2D2).

Western blot analysis

For detection of SOCS1, human monocytes (106 in 1 ml)

were treated with LPS (500 ng/ml), IL-4 (10 ng/ml) or

IFN-c (10 ng/ml) for up to 4 hr. IL-4 phosphorylation

of STAT6 was examined in the first 2 hr after treatment

with LPS plus IL-4. Cells were harvested by centrifugation

and monocytes lysed in protein lysis buffer [10 mM

Tris, 50 mM NaCl, 5 mM ethylenediaminetetraacetic acid

(EDTA) and 1% Triton X-100, pH 7�6] supplemented

with 5 mM sodium fluoride, 10 mM sodium molybdate,

1 mM sodium pyrophosphate, 2 mM sodium orthovana-

date and 1· protease inhibitors (complete mini, protease

inhibitor cocktail tablets; Roche, Penzberg, Germany).

Approximately 7�5 lg (STAT6 phosphorylation) or 30 lg

(SOCS1) of protein lysate was resolved per lane of a

sodium dodecyl sulphate–polyacrylamide gel electropho-

resis (SDS-PAGE) gel and transferred to nitrocellulose

membrane (Pall Corporation, Pensacola, FL). Membranes

were blocked for at least 1 hr in 5% skimmed milk in

Tris-buffered saline (TBS)/0�05% Tween-20 (block buffer)

followed by overnight incubation at 4� with primary anti-

bodies; phospho-Stat6 (Tyr641) (Cell Signaling Technol-

ogy, Danvers, MA), anti-SOCS1, clone 4H1 (Millipore,

North Ryde, Australia), and anti-a-tubulin clone B-5-1-2

(Sigma) antibodies were either diluted in block buffer or

5% bovine serum albumin (BSA) in TBS/0�05% Tween-

20 according to the manufacturer’s guidelines. Following

four sequential 5-min washes in TBS/0�05% Tween-20,

membranes were incubated with horseradish peroxidase-

conjugated goat anti-rabbit (Rockland Immunochemicals,

Gilbertsville, PA) or goat-anti-mouse (Pierce Biotechnol-

ogy, Rockford, IL) secondary antibodies diluted in block

buffer. Bound secondary antibody was detected using

chemiluminescence (Roche) and visualized using CL-XPo-

sure film (Pierce).

Nuclear extraction, nuclear factor (NF)-jB and STAT6
electrophoretic mobility shift assays (EMSAs)

Nuclear extracts were prepared from freshly isolated

monocytes and monocytes cultured overnight in M-CSF

treated with LPS with or without IL-4. Briefly, following

stimulation with LPS and IL-4 for 30, 60, 90 and

120 min, 1 ml of ice-cold RPMI was added to each tube

and cells were harvested by centrifugation at 335 g for

7 min at 4�. Cells were washed in ice-cold phosphate-

buffered saline (PBS) and subsequently lysed in protein

lysis buffer (10 mM HEPES.KOH, pH 7�9, 10 mM KCl

and 1�5 mM MgCl2) supplemented with 1· protease

inhibitor (complete mini, protease inhibitor cocktail

tablets; Roche), 0�5 mM dithiothreitol (DTT) and 2 mM

sodium orthovanadate prior to use. Lysates were

incubated on ice for 20 min before 0�6% NP-40 was

added with vortexing to mix. Samples were centrifuged

at 14 300 g for 30 seconds at 4�. The cytoplasmic frac-

tion (supernatant) was transferred to a new microfuge

tube while nuclear extraction buffer (420 mM NaCl,

20 mM HEPES.KOH, pH 7�9, 1�5 mM MgCl2, 0�2 mM

EDTA and 25% glycerol supplemented with 1· protease

inhibitor, 0�5 mM DTT and 2 mM sodium orthovana-

date) was added to the pellet. Following 20 min of incu-

bation on ice with intermittent agitation, the nuclear

fraction was collected by centrifugation (14 300 g for

5 min at 4�) and quantified using the Bradford protein

assay method. NF-jB and STAT6 oligos were obtained

from Santa Cruz Biotechnology (Santa Cruz, CA). Oli-

gos were end-labelled with (c-32P)-ATP (Perkin-Elmer)

and T4 polynucleotide kinase (Promega, Alexandria,

Australia). Approximately 1 lg of nuclear extract was

incubated with 20 fmol 32P-labelled NF-jB or STAT6

probe and resolved on a non-denaturing 5% polyacryl-

amide/0�5 · Tris borate-EDTA gel at 180 V for up to

2 hr. The specificity of NF-jB and STAT6 DNA binding

was determined by preincubating the nuclear lysates with

a 50-fold excess of either unlabelled probe or an unla-

belled mutant probe. Gels were dried onto 3 MM What-

man filter paper (Whatman International, Maidstone,

UK) and complexes visualized using Super RX X-ray

film (Fuji Film Australia, Brookvale, Australia).

Generation and maintenance of Socs1)/)Ifnc)/) and
Ifnc)/) mice

Mice with a homozygous deletion of both the Socs1 and

Ifn-c genes (Socs1)/)Ifnc)/)) were generated as described

previously27 and were maintained on a C57BL/6 back-

ground. C57BL/6 mice with a homozygous deletion of the

Ifn-c gene (Ifnc)/)) were obtained from The Jackson Lab-

oratory (Bar Harbor, ME). All mice were bred at the ani-

mal facilities of The Walter and Eliza Hall Institute of

Medical Research (Parkville, Australia). Ethics approval
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was obtained from the Animal Ethics Committee at the

Walter and Eliza Hall Institute of Medical Research.

Isolation, culture of murine bone marrow-derived
macrophages (BMMs) and measurement of TNF-a

Murine BMMs were derived from C57BL/6 mice, Ifnc)/)

mice and Socs1)/)Ifnc)/) mice by culture of whole

bone marrow in Dulbecco’s modified Eagle’s medium

(DMEM) supplemented with 100 U/ml penicillin,

0�1 mg/ml streptomycin, 10% FCS and 20% L-cell con-

ditioned medium as a source of M-CSF.32 Independent

cultures were generated from three mice of each geno-

type. Cells (106 in 500 ll) were re-plated in DMEM

culture medium supplemented with 10% FCS and 20%

L-cell conditioned medium in 24-well plates and incu-

bated overnight before addition of stimuli. TNF-a levels

were assayed in culture supernatants harvested 24 hr

after stimulation with LPS (10 ng/ml) with or without

IL-4 (10 ng/ml) using a murine TNF-a ELISA set (BD

OPtEIA; BD Biosciences) and DELFIA assay system

(Perkin Elmer). For each experiment, samples were

assayed in triplicate. The assay was sensitive to levels

> 15 pg/ml TNF-a.

Statistical analysis

Unless otherwise indicated, all values are expressed as

mean ± standard error of the mean (SEM) for cells from

n donors, using mean values of triplicates for cells from

each donor. The significance of results was determined

using one-way analysis of variance (ANOVA) and

Tukey’s post hoc test or a paired Student’s t-test. A

P value < 0�05 was considered significant.

Results

Suppression of LPS-induced TNF-a production by
IL-4

The effect of IL-4 on LPS-induced TNF-a production was

compared in monocytes immediately after isolation

(freshly isolated monocytes) and monocytes cultured

overnight in M-CSF. Monocytes were cultured for 24 hr

with 500 ng/ml LPS in the presence or absence of 10 ng/

ml IL-4. LPS-induced TNF-a levels in the culture super-

natants were significantly greater for the monocytes cul-

tured overnight in M-CSF, compared with the freshly

isolated cells (Fig. 1a). For freshly isolated monocytes

from 12 donors, IL-4 significantly suppressed LPS-

induced TNF-a production by 78 + 2% (mean + SEM).

IL-4 also caused significant suppression of LPS-induced

TNF-a production by monocytes cultured overnight in

M-CSF (n = 9 donors); however, the extent of this

suppression (30 + 3%; mean + SEM) was much reduced.

To determine whether the effects of IL-4 on LPS-

induced TNF-a production were transcriptional, TNF-a
mRNA production was quantified using real-time PCR.

TNF-a mRNA levels were measured in freshly isolated

monocytes (six donors) and monocytes cultured over-

night in M-CSF (three donors) after treatment with

LPS with or without IL-4 for 2 hr (Fig. 1b). In both cell

types, LPS-induced TNF-a mRNA was detectable from

30 min. In monocytes cultured overnight in M-CSF, LPS

caused a more rapid accumulation of TNF-a mRNA. By

3 hr, levels of TNF-a mRNA were 60% greater than in

freshly isolated monocytes. In freshly isolated monocytes,

IL-4 significantly suppressed LPS-induced TNF-a mRNA

from 60 min. In contrast, in monocytes cultured

Figure 1. Suppression of lipopolysaccharide

(LPS)-induced tumour necrosis factor (TNF)-a
production by interleukin (IL)-4 in freshly iso-

lated monocytes (Fresh) and monocytes cul-

tured overnight in macrophage colony-

stimulating factor (M-CSF) (Overnight). (a)

TNF-a protein in supernatants 24 hr after

incubation with LPS (500 ng/ml) with or

without IL-4 (10 ng/ml). Values are mean +

standard error of the mean (SEM) and have

been expressed as a ratio to the mRNA

levels of ubiquitin-conjugating enzyme E2D2

(UBE2D2); Fresh, n = 12 donors; Overnight,

n = 9 donors. (b) Suppression of LPS-induced

TNF-a mRNA production by IL-4. Values are

mean ± SEM; Fresh, n = 6 donors; Overnight,

n = 3 donors. An asterisk indicates significant

suppression by IL-4 (P < 0�05).
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overnight in M-CSF, IL-4 had no effect on LPS-induced

TNF-a mRNA over the 3 hr time–course (Fig. 1b) and

was without effect after 24 hr (results not shown). These

results suggest that IL-4 suppresses LPS-induced TNF-a
production by different mechanisms in the two cell types.

Effect of IL-4 on TNF-a mRNA stability

IL-4 has previously been shown to suppress LPS-induced

TNF-a mRNA production in human monocytes.1,33 How-

ever, reports have been conflicting as to whether IL-4

suppression of pro-inflammatory cytokines occurs at the

level of transcription18,19,34 or by affecting mRNA stabil-

ity.17,33 Actinomycin D (20 lg/ml) was added to freshly

isolated monocyte cultures 1 hr after stimulation with

LPS or LPS plus IL-4 to block further mRNA production.

The rate of TNF-a mRNA decay was measured using

real-time PCR (Fig. 2). The addition of IL-4 had no effect

on the rate of TNF-a mRNA decay in LPS-exposed cells,

suggesting that the strong suppression of TNF-a mRNA

in freshly isolated monocytes occurs at the level of tran-

scription, not mRNA stability.

Effect of IL-4 on STAT6 phosphorylation and STAT6
DNA binding activity

STAT6 is responsible for the activation or enhanced

expression of many IL-4-responsive genes, including neg-

ative regulatory proteins, such as SOCS1.24 Many of the

anti-inflammatory effects of IL-4 are dependent on

STAT6.35–37 As the anti-inflammatory effects of IL-4 dif-

fered in freshly isolated monocytes and monocytes cul-

tured overnight in M-CSF, we hypothesized that IL-4

activation of STAT6 would be weaker in monocytes cul-

tured overnight in M-CSF. The effect of IL-4 on STAT6

tyrosine phosphorylation and STAT6 DNA binding activ-

ity was compared in the two cell types using western blot-

ting on cell lysates and STAT6 EMSAs on nuclear extracts

prepared from cells treated with IL-4 over a 2-hr time–

course. IL-4 induced phosphorylation of STAT6 and

increases in STAT6 DNA binding activity peaked 30 min

Figure 2. Effect of interleukin (IL)-4 on tumour necrosis factor

(TNF)-a mRNA stability in freshly isolated monocytes. Actinomycin

D (ActD; 20 lg/ml) was added 1 hr after stimulation with lipopoly-

saccharide (LPS) with or without IL-4 and the rate of TNF-a decay

was measured using real-time polymerase chain reaction (PCR)

[mean ± standard deviation (SD); triplicate samples for each time-

point from one representative donor].

Figure 3. Effect of interleukin (IL)-4 on activation of signal transducer and activator of transcription 6 (STAT6) in freshly isolated monocytes

(Fresh) and monocytes cultured overnight in macrophage colony-stimulating factor (M-CSF) (Overnight). (a) Activation of STAT6 by phosphor-

ylation determined in the first 2 hr following IL-4 exposure using western blotting. A representative blot from one donor is shown. A quantitative

analysis of phosphorylated STAT6 in protein lysates from three separate donors [mean ± standard error of the mean (SEM)], normalized to

the amount of a-tubulin, was performed. Values shown are fold changes relative to phosphorylated STAT6 in untreated samples. (b) STAT6

electrophoretic mobility shift assay (EMSA). The effect of IL-4 on STAT6 DNA binding capacity in nuclear lysates to a radiolabelled STAT6

probe was investigated. A representative EMSA from one donor is shown as well as quantitative analysis of STAT6 DNA binding in nuclear

extracts from two separate donors. Values shown are fold changes relative to DNA binding in untreated samples.
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after treatment. There was no significant difference in

STAT6 phosphorylation or nuclear DNA binding activity

following treatment with IL-4 between freshly isolated

monocytes and monocytes cultured overnight in M-CSF

(Fig. 3).

Induction of SOCS1 mRNA and protein by IL-4

IL-4 induces SOCS1 in human macrophages, which in

turn acts to inhibit IL-4 signalling.24 SOCS1 is also

induced by LPS and is a negative regulator of Toll-like

receptor (TLR) signalling, suppressing LPS induction of

inflammatory cytokines, including TNF-a.29,30 The kinet-

ics of SOCS1 mRNA induction by IL-4 was examined

over a 24-hr time–course and compared with the kinetics

of SOCS1 induction by LPS or IFN-c. For cells from four

independent donors, IL-4 rapidly induced SOCS1 mRNA

production, which peaked after 1 hr. This was much

earlier than the induction of SOCS1 mRNA by IFN-c and

LPS, which peaked at 2 and 4 hr, respectively (Fig. 4).

Induction of SOCS1 protein by IL-4 closely followed the

kinetics of SOCS1 mRNA synthesis. IL-4-induced SOCS1

protein production peaked after 1 hr. This was earlier

than the induction of SOCS1 protein by IFN-c, which

had plateaued after 3 hr, and LPS-induced SOCS1 pro-

duction, which was still increasing 4 hr post-stimulation

(Fig. 5).

IL-4 had a much weaker effect on LPS-induced TNF-a
production in monocytes cultured overnight in M-CSF

compared with freshly isolated monocytes. If SOCS1 is

part of the mechanism by which IL-4 suppresses LPS-

induced TNF-a production, we hypothesized that the

induction of SOCS1 mRNA or protein may be stronger,

or occur with different kinetics, in freshly isolated mono-

cytes. Induction of SOCS1 mRNA by IL-4, LPS and IFN-

c and induction of SOCS1 protein by IL-4 were compared

for 2 hr in freshly isolated monocytes and monocytes cul-

tured overnight in M-CSF. However, there was no signifi-

cant difference between the two cell types in the kinetics

of the induction of SOCS1 mRNA by LPS, IFN-c and

IL-4 and SOCS1 protein by IL-4 (Fig. 6).

Effect of IL-4 on LPS-induced TNF-a production by
murine Socs1)/)Ifnc)/) BMMs

To determine whether IL-4-induced SOCS1 is involved in

the suppression of LPS-induced TNF-a production, the

effects of IL-4 on BMMs from mice lacking SOCS1

(Socs1)/)Ifnc)/)) were compared with those on BMMs

from Ifnc)/) and wild-type (C57BL/6) mice (Fig. 7). IL-4

significantly suppressed LPS-induced TNF-a production

in wild-type, Socs1)/)Ifnc)/) and Ifnc)/) murine BMMs.

There was no significant difference in the percentage sup-

pression by IL-4 in Socs1)/)Ifnc)/) BMMs (34 ± 4%)

compared with wild-type (36 ± 6%) and Ifnc)/) BMMs

(31 ± 4%).

Effect of IL-4 on LPS activation of NF-jB

LPS signalling through the IjB pathway activates the

transcription factor NF-jB, which translocates to the

nucleus, activating the transcription of numerous inflam-

matory cytokines, including TNF-a. We investigated

Figure 4. Induction of suppressor of cytokine signalling-1 (SOCS1)

mRNA by interleukin (IL)-4, interferon (IFN)-c and lipopolysaccha-

ride (LPS). Monocytes were cultured overnight in macrophage

colony-stimulating factor (M-CSF) and then treated with IL-4

(10 ng/ml), LPS (500 ng/ml) or IFN-c (10 ng/ml) for up to 24 hr.

SOCS1 mRNA levels were quantified using real-time polymerase

chain reaction (PCR) and have been expressed as a ratio to the

mRNA levels of ubiquitin-conjugating enzyme E2D2 (UBE2D2)

(mean ± standard error of the mean; n = 4 donors). Arrows indicate

the time-point of maximal induction.

Figure 5. Induction of suppressor of cytokine

signalling-1 (SOCS1) protein by interleukin

(IL)-4, interferon (IFN)-c and lipopolysaccha-

ride (LPS). Monocytes were cultured over-

night in macrophage colony-stimulating factor

(M-CSF) and then treated with IL-4 (10 ng/

ml), LPS (500 ng/ml) or IFN-c (10 ng/ml) for

up 4 hr. SOCS1 and a-tubulin protein levels

were measured using western blotting. Results

of a quantitative analysis are shown upon nor-

malization to the total amount of a-tubulin.
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whether the anti-inflammatory effects of IL-4 were medi-

ated by suppressing LPS activation of NF-jB, and

whether the effect of IL-4 on NF-jB activation differed

between freshly isolated monocytes and monocytes cul-

tured overnight in M-CSF. Monocytes were treated with

LPS with or without IL-4 for up to 2 hr and levels of NF-

jB were measured in nuclear extracts using an NF-jB

EMSA. By 30 min, LPS had strongly activated NF-jB in

the nucleus. There was no significant difference in the

activation of NF-jB by LPS in freshly isolated monocytes

and monocytes cultured overnight in M-CSF. In both

freshly isolated monocytes and monocytes cultured over-

night in M-CSF, IL-4 had no significant effect on LPS-

induced of NF-jB DNA binding activity in the nucleus

(Fig. 8).

Discussion

IL-4 induces SOCS1 mRNA and protein in human mono-

cytes. As the induction of SOCS1 occurred earlier than

that induced by LPS and IFN-c (Figs 4 and 5), SOCS1

was considered potentially responsible for IL-4-mediated

suppression of LPS-induced TNF-a production. IL-4 sup-

pressed LPS-induced TNF-a in freshly isolated monocytes

at the level of transcription but acted by a different, pos-

sibly translational, mechanism in monocytes cultured

overnight in M-CSF. However, the kinetics and magni-

tude of SOCS1 mRNA and protein induction by IL-4,

IFN-c and LPS were very similar in the two cell types.

IL-4 was still able to suppress LPS-induced TNF-a pro-

duction in murine BMMs lacking SOCS1 and, allowing

for human/murine differences, this suggests that SOCS1 is

not part of the mechanism by which IL-4 suppresses LPS-

induced TNF-a production by monocytes.

IL-4 rapidly induced SOCS1 mRNA production, which

peaked at 1 hr, much earlier than IFN-c- and LPS-

induced SOCS1 production, which were maximal at 2

and 4 hr post-stimulation, respectively. IL-4-induced

SOCS1 protein production peaked at 1 hr, also much ear-

Figure 6. Comparison of the induction of suppressor of cytokine signalling-1 (SOCS1) mRNA and protein in freshly isolated monocytes (Fresh)

and monocytes cultured overnight in macrophage colony-stimulating factor (M-CSF) (Overnight). (a) Kinetics of induction of SOCS1 mRNA

by interleukin (IL)-4 (10 ng/ml), interferon (IFN)-c (10 ng/ml) and lipopolysaccharide (LPS) (500 ng/ml) in fresh and overnight cultured mono-

cytes. Values have been expressed as a ratio to the mRNA levels of ubiquitin-conjugating enzyme E2D2 (UBE2D2), (mean ± standard error of

the mean; n = 4 donors). (b) Kinetics of induction of SOCS1 protein by IL-4 in fresh and overnight cultured monocytes. Shown is a representa-

tive blot from one donor.
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Figure 7. Effect of interleukin (IL)-4 on lipopolysaccharide (LPS)-

induced tumour necrosis factor (TNF)-a production by bone mar-

row-derived macrophages (BMMs) from wild-type, Ifnc)/) and

Socs1)/)Ifnc)/) mice. BMMs were incubated for 24 hr with IL-4

(10 ng/ml), LPS (100 ng/ml) or LPS plus IL-4 (mean + standard

error of the mean; n = 3 individual mice). An asterisk indicates sig-

nificant suppression relative to LPS-induced levels (P < 0�05).
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lier than SOCS1 protein production induced by LPS and

IFN-c. The kinetics of induction by IL-4 identified SOCS1

as a potential component of the mechanism by which

IL-4 regulated LPS-induced TNF-a production in mono-

cytes. Cross-talk through which SOCS1 is induced by one

cytokine and regulates signalling by another has been pre-

viously reported. For example, IFNs inhibit IL-4-induced

activation of STAT6 and STAT6-dependent gene tran-

scription by inducing expression of SOCS1.38

The anti-inflammatory effects of IL-4 differ between

human cells17–19 and murine cells15,16 and change as cells

differentiate in vitro.36,39 An advantage of our study is

that we examined the effects of IL-4 in human cells in

two differentiation states, as well as in murine BMMs.

After overnight culture in M-CSF, monocytes have

increased expression of integrin receptors.40 They also

express higher levels of triggering receptor expressed on

myeloid cells-2 (TREM-2) mRNA (results not shown), a

marker of newly differentiated macrophages that is up-

regulated in macrophages infiltrating tissues from the cir-

culation.41 In the in vivo situation, these cells represent

monocytes newly migrated to tissues.

Differences in responses to IL-4 between freshly isolated

monocytes and monocytes cultured overnight in M-CSF

may be attributable to changes in the IL-4 receptor con-

formation and signalling. In a previous study, the expres-

sion of the cc chain of the IL-4 receptor in monocytes

declined after 3 days of culture in M-CSF.36 This decline

was associated with reduced IL-4-induced phosphoryla-

tion of STAT6 and correlated with an impaired ability of

IL-4 to suppress LPS-induced TNF-a production.37

Another possibility is that culture overnight in M-CSF

stimulates CD16 expression on monocytes. CD16 expres-

sion is induced by, and increases with, in vitro mat-

uration.42 CD14lo CD16hi monocytes have reduced

expression of both the IL-4Ra chain and the cc chain of

the IL-4 receptor, resulting in diminished sensitivity to

IL-4 with reduced activation of STAT6 at low doses of

IL-4.43 However, no significant differences in the tyrosine

phosphorylation of STAT6, or STAT6 DNA binding activ-

ity in the nucleus, were found following IL-4 incubation

with monocytes cultured overnight or with freshly iso-

lated monocytes (Fig. 3). Thus, the differences in suppres-

sion of TNF-a production by IL-4 may not be caused by

differences in signalling through STAT6.

A significant increase in LPS-induced TNF-a produc-

tion was observed in monocytes cultured overnight in

M-CSF, with greater LPS-induced accumulation of TNF-a
mRNA. Previous studies have found that increases in

TNF-a production during in vitro differentiation of

human monocytes are attributable to changes in post-

transcriptional processing which increase TNF-a mRNA

stability.44 An increase in stability and accumulation of

TNF-a mRNA in monocytes cultured overnight in

M-CSF may make it more difficult for IL-4 to have its

suppressive effects.

Ideally, we would have liked to investigate the effects of

IL-4 in human monocytes transfected with a dominant

negative form of SOCS1 or a small interfering RNA (siR-

NA) to SOCS1. However, transfection with adenoviruses

encoding potential regulatory molecules enhances type I

IFN levels and activation of the IFN-dependent pathway

of TLR,31 demonstrating transfection systems to be of lit-

tle use in human monocytes. Instead we investigated the

effects of IL-4 on macrophages from Socs1)/)Ifnc)/) mice.

There was no significant difference in the suppression of

LPS-induced TNF-a production by IL-4 between wild-

type, Ifnc)/) and Socs1)/)Ifnc)/) murine BMMs, suggest-

ing that SOCS1 is not involved in the suppression of

LPS-induced TNF-a production by IL-4 in murine mac-

rophages. Despite different modes of regulation by IL-4

in freshly isolated monocytes and monocytes cultured

Figure 8. Nuclear factor (NF)-jB electrophore-

tic mobility shift assay (EMSA). The effect of

interleukin (IL)-4 on lipopolysaccharide (LPS)

activation of NF-jB was investigated. Nuclear

lysates were prepared from freshly isolated

monocytes (Fresh) and monocytes cultured

overnight in macrophage colony-stimulating

factor (M-CSF) (Overnight), cultured for up to

120 min with LPS (500 ng/ml) with or without

IL-4 (10 ng/ml). (a) Representative EMSA.

(b) Cumulative results from three donors

(mean ± standard error of the mean).
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overnight in M-CSF, the kinetics and magnitude of

induction by IL-4 of SOCS1 mRNA production in the

two cell types were very similar, further suggesting that

SOCS1 was not involved.

LPS initiates two distinct signalling pathways down-

stream of TLR4, the early MyD88-dependent pathway

and the later acting MyD88-independent, IFN-dependent

pathway. In human monocytes infected with an adenovi-

rus over-expressing SOCS1 (AdV-SOCS1), SOCS1 sup-

pressed LPS-induced TNF-a mRNA and protein

production at 24 hr, but had no effect on TNF-a levels in

the first 2 hr. SOCS1 did not modulate components of

the early Myd88-dependent pathway of LPS signalling.

Rather, SOCS1 reduced LPS-induced expression of IFN-b
and myxovirus resistance-A (MxA) mRNA and reduced

IFN-b production and STAT1 phosphorylation, showing

that SOCS1 regulates the later IFN-dependent compo-

nents of LPS-induced TLR4 signalling.31 In contrast,

TNF-a mRNA was reduced by IL-4 by 60 min in freshly

isolated monocytes, suggesting regulation of early compo-

nents of LPS signalling. In monocytes cultured overnight

in M-CSF, IL-4 had no effect on TNF-a mRNA over

24 hr. Thus, IL-4, unlike SOCS1, does not act on the

IFN-dependent pathways of LPS signalling and is there-

fore unlikely to be acting via SOCS1.

LPS signalling through the MyD88-dependent pathway

activates the transcription factor NF-jB. In both freshly

isolated monocytes and monocytes cultured overnight in

M-CSF, IL-4 had no effect on LPS activation of the DNA

binding capacity of NF-jB (Fig 8). However, it is possible

that IL-4 may act downstream of NF-jB binding to

inhibit the transcriptional activity of NF-jB once bound

to the TNF-a promoter. IL-4 was previously found to

regulate NF-jB-dependent transcription without altering

activation of NF-jB. For example, IL-4 inhibited NF-jB-

dependent transcription in transfected HEK293 cells by

sequestering the transcriptional co-activator cAMP

response element- binding (CREB)-binding protein.45

Further, IL-4-induced STAT6 competed with NF-jB

binding sites in the E-selectin promoter in human vascu-

lar endothelial cells.46 IL-4 may also reduce serine 536

phosphorylation of the p65 subunit of NF-jB, as phos-

phorylation at this site may regulate the transcriptional

activity of NF-jB without changing its capacity to bind

to promoters.47,48

In a real-time PCR screen for expression of SOCS

mRNA, we considered whether IL-4 could be acting via

other SOCS proteins. IL-4 also induced CIS mRNA but not

SOCS3, SOCS4 and SOCS5 mRNA (results not shown).

Another possibility is that IL-4 changes chromatin remod-

elling of the TNF-a promoter, for example by altering

activation of histone deacetylases by LPS which regulate the

transcription of inflammatory cytokines.49 Histone acetyla-

tion is an important regulatory mechanism for TNF-a
production. An 18-hr polarization with IFN-c, but not

IL-4, increases histone acetylation of the TNF-a promoter,

enhancing TNF-a production after subsequent exposure to

LPS.50 However, it is unclear what effect IL-4 has when

added at the same time as LPS. It is also possible that IL-4

reduces transcription of LPS-induced TNF-a mRNA by

affecting transcription factors other than NF-jB.

Other IL-4-induced candidate proteins are the peroxi-

some proliferator-activated receptors (PPARs). PPARs are

transcription factors of the nuclear receptor superfamily

that modulate inflammatory responses in many cell types,

including monocytes.51–53 PPARs are induced by IL-454

and repress transcriptional activity of NF-jB, indepen-

dently of nuclear translocation and DNA binding.55,56 In

macrophages deficient in PPAR-c, IL-4 failed to suppress

the secretion of IL-6.57 In PPAR-d)/) murine macrophag-

es, IL-4 was unable to suppress LPS-induced secretion of

IL-6 and IL-12,58 indicating that a subset of IL-4 depen-

dent anti-inflammatory responses are regulated by PPAR-

c and PPAR-d. Further studies are needed to clarify the

interaction of IL-4 signalling with pathways involved in

inflammation in human monocytes and to identify the

role of new proteins induced by IL-4.
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