
Differential and cell-type specific regulation of responses to
Toll-like receptor agonists by ISO-1

Introduction

Macrophage migration inhibitory factor (MIF) is a pleio-

tropic cytokine now recognized as a major contributor to

acute and chronic components of a diverse range of

inflammatory diseases, including atherosclerosis,1 arthri-

tis,2,3 acute respiratory distress syndrome,4 asthma,5–7 and

sepsis.8 Binding these observations together are the likely

roles for innate immunity in chronic inflammatory

diseases, driven by endogenous and pathogen-related

stimuli.9

MIF has major roles in the regulation of responses to

endotoxin, and can act to amplify responses to lipopoly-

saccharide (LPS).10 In a model of endotoxaemia, co-

administration of MIF and LPS caused increased mortality

compared to LPS alone.8 Neutralization of MIF with

blocking antibodies or by gene knockout is strongly pro-

tective against endotoxic shock.8,11,12 Roles for MIF have

also been identified in the development of atheroma and

in acute plaque rupture.13 In apolipoprotein E)/) mice,

MIF expression is associated with atherosclerotic lesions,

and neutralization of MIF reduces local aortic expression

of adhesion molecules, matrix metalloproteinases, and

proinflammatory cytokines, in addition to reducing circu-

lating fibrinogen and interleukin-6 (IL-6).1 MIF expres-

sion has likewise been associated with unstable plaques in

human disease.14 For these reasons, inhibition of MIF by

a recently-described and specific inhibitor, ISO-1 that is

active in vitro and in vivo, has considerable therapeutic

potential.15–17

MIF signalling involves a number of proteins whose

exact roles are still be elucidated. MIF binds to a cell sur-

face receptor complex including CD74, but roles for

CXCR2 and CD44 in the transduction of the MIF signal

have been described.18,19 MIF activates extracellular sig-

nal-related kinase (ERK) signalling pathways,20 and may

achieve this by signalling from the cell surface18 and by

binding intracellularly to JAB1/CSN5.21,22 A proposed

mechanism by which MIF achieves regulation of LPS

responses is through the transcriptional control, and

hence decreased expression, of Toll-like receptor-4

(TLR4).23 Downregulation of TLR4 is also a potential
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Summary

Macrophage migration inhibitory factor (MIF) plays vital roles in the reg-

ulation of responses to stimuli acting via Toll-like receptor (TLR)-4.

Recently, a specific small molecule inhibitor of MIF (ISO-1) has been

described. We investigated the effects of ISO-1 on TLR responses in pri-

mary human monocytes and monocyte-derived macrophages (MDM). In

monocytes, ISO-1 caused marked suppression of TLR4-induced pro-

inflammatory cytokine production, and to a lesser extent suppression of

TLR2-induced responses. The lipopolysaccharide (LPS)-induced activation

of cocultures of monocytes and endothelial cells was strongly inhibited by

ISO-1. Suppression of monocyte TLR4 signalling by ISO-1 was associated

with alterations in extracellular signal-related kinase (ERK)-1/2 activation

status. Previously, regulation of TLR4 signalling by MIF has been noted

to be through control of TLR4 expression, but we observed that the

actions of ISO-1 were mediated without changes in cell surface TLR4

levels. In contrast, ISO-1 pretreatment did not inhibit responses of MDM

to LPS. ISO-1 is a promising parent molecule which inhibits TLR-induced

ERK activation and inflammatory cytokine production in monocytes,

whose role may be complicated by cell-type specificity.
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explanation for the phenomenon of endotoxin tolerance,

but in reality early regulation of signalling is more impor-

tant than control of TLR4 expression,24 and low levels of

TLR4 can enable signalling.25,26 Thus, downregulation of

TLR4 may not be the most efficient method of regulating

LPS responses. Additionally, whilst generation of tumour

necrosis factor-a (TNF-a) is impaired in MIF)/) mice,

IL-6 and NO production may be preserved, suggesting

that loss of MIF may modify, but not completely inhibit,

TLR4 signalling.11

We therefore set out to investigate the effects of ISO-1

on TLR-induced activation of primary human leucocytes,

and hypothesized that inhibition of responses would be

exerted at levels other than control of TLR4 expression.

Materials and methods

Reagents

Cell culture reagents were purchased from Invitrogen

(Paisley, UK) and general laboratory reagents were from

Sigma-Aldrich (Poole, UK). Fetal calf serum (FCS; endo-

toxin levels <0�5 EU/ml) was purchased from BioWhitt-

aker (Verviers, Belgium). Purified LPS from Escherichia

coli serotype R515 was from Axxora (Nottingham, UK).

(S,R)-3-(4-hydroxyphenyl)-4,5-dihydro-5-isoxazole acetic

acid, methyl ester (ISO-1) was obtained from Merck Bio-

science (Nottingham, UK) and reconstituted in dimethyl

sulphoxide (DMSO). Concentrations of DMSO were held

constant in all experiments. ISO-1 was used at a concen-

tration of 50 lM (concentration shown to give just maxi-

mal inhibition of MIF responses in RAW264.7 cells15).

Independent testing revealed levels of <0�005 EU/ml

endotoxin in ISO-1 at the concentrations used. Pam3CSK4

was from EMC Microcollections (Tübingen, Germany).

Macrophage-activating lipopeptide 2kDa (MALP-2) was

from Axxora (Nottingham, UK). Inhibitors of mitogen-

activated protein kinases (MAPK) PD98059, U0126, and

the non-inhibiting control molecule SB202474 were from

Merck Biosciences. Nitrocellulose membrane and ECL

reagent for Western blotting were from GE Healthcare

(Chalfont St. Giles, UK). Anti-phospho-ERK1/2 and

anti-rabbit secondary antibody were from Cell Signaling

Technology (Beverly, MA). Anti-phospho-p38 was from

Promega (Southampton, UK). Anti-actin was from

Sigma-Aldrich. The phycoerythrin-conjugated anti-TLR4

monoclonal antibody (mAb, clone HTA125) and the

appropriate immunoglobulin G2a (IgG2a) isotype control

were from eBioscience (San Diego, CA).

Cells and cell culture

Peripheral blood mononuclear cells (PBMC) were isolated

from whole blood by density gradient centrifugation over

plasma/Percoll or Histopaque as described.25,27 Blood was

taken with informed consent from healthy volunteers in

accordance with a protocol approved by South Sheffield

Local Research Ethics Committee. Monocytes were

enriched by negative magnetic selection using Monocyte

Isolation Kit II (Miltenyi Biotech, Bergisch Gladbach,

Germany) to a typical mean (± SEM) purity of

77�8 ± 1�8% (n = 28) CD14+ cells, and cultured at a den-

sity of 2 · 105cells/ml in RPMI-1640 containing 2 mM

L-glutamine, supplemented with 10% FCS, 100 U/ml

penicillin and 100 lg/ml streptomycin in Falcon Flexiwell

plates (Becton Dickinson, UK).

Monocyte derived macrophages (MDM) were prepared

from PBMC, plated at 2–3 · 106cells/ml in serum free

Iscove’s modified Dulbecco’s medium (IMDM). After

1 hr, non-adherent cells were removed and adherent cells

cultured in IMDM containing 10% FCS for 7 days.

Human umbilical vein endothelial cells (HUVEC) were

isolated from umbilical cords, donated with informed

consent following a protocol approved by North Sheffield

Local Research Ethics Committee and seeded in 24-well

tissue culture plates coated with 0�2% gelatin at passage

2–3. Cells were grown to 70–90% confluence, washed and

placed into RPMI media supplemented with 2 mM L-glu-

tamine, 0�225% sodium bicarbonate, 100 U/ml penicillin,

100 lg/ml streptomycin and 2% FCS. After 24 hr, cells

were again washed and media replaced as above with

additional supplements of 20 lg/ml endothelial cell

growth supplement and 95 lg/ml heparin. HUVEC/

monocyte cocultures were created through the addition of

enriched monocytes (2 · 104/ml) to the HUVEC mono-

layers, giving a ratio of approximately one monocyte to

five HUVEC. Monoculture controls were included in all

experiments.

Quantification of cytokines by enzyme-linked
immunosorbent assay (ELISA)

Cell free supernatants were collected and stored at )80�
until use. Immunoreactive TNF-a, IL-1b and CXCL8

were quantified by ELISA using matched antibody pairs

from R&D systems (Abingdon, UK). The detection limits

were 78�125, 19�5, and 62�5 pg/ml respectively. Samples

whose cytokine levels were undetectable were assigned the

detection limit values for graphing and analysis.

Protein detection by Western blot analysis

Whole cell lysates were made by resuspending cells in

lysis buffer (50 mM Tris base pH 7�5, 1% Triton-X-100,

50 mM NaF, 50 mM b-glycerophosphate, 10 mM sodium

orthovanadate) for 5 min at 4� before addition of 2·
sodium dodecyl sulphate–polyacryalamide gel electro-

phoresis (SDS–PAGE) loading buffer. Lysates were

heated to 95� for 5 min before being resolved by 10%

SDS–PAGE and transferred to nitrocellulose membrane.
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Non-specific binding was blocked with 5% skimmed milk

powder and membranes probed with Abs specific to actin

(1 : 5000) or phosphorylated forms of ERK1/2 (1 : 1000)

and p38 (1 : 1000) overnight. The antigen–antibody com-

plexes were detected using horseradish peroxidase-conju-

gated anti-rabbit secondary antibody in conjunction with

ECL substrate. Densitometry was carried out using NIH

Image (version 1.62f).

Flow cytometric analysis of TLR expression

Staining and flow cytometry were carried out as previ-

ously described.25,28 Briefly, cells were washed in ice-cold

fluorescence-activated cell sorting (FACS) buffer (10 mM

phosphate-buffered saline (PBS) without Ca2+ and Mg2+,

10 mM HEPES and 0�25% bovine serum albumin) before

non-specific binding was blocked with mouse IgG

(50 lg/ml) and cells stained with anti-TLR4 (1 : 25 dilu-

tion) or isotype control for 45 min at 4�. Excess antibody

was removed by washing, cells fixed in 1· CellFix� (BD

Biosciences, Franklin Lakes, NJ) and cytometry performed

on a dual laser FACSCalibur using CellQuest software

(BD Biosciences). Data were analysed using FlowJo soft-

ware v8.5.3 (Tree Star Inc., Ashland, OR).

Statistics

All data are presented as mean ± SEM (where appropri-

ate) of at least three independent experiments on separate

donors. Data were analysed using the statistical tests sta-

ted, with ANOVA and the indicated post-test being used for

multiple comparisons. Data were analysed using Prism

(version 4.03; GraphPad, San Diego, CA).

Results

ISO-1 is a recently described specific MIF antagonist that

is active in vitro and in vivo.15–17 Previous studies have

often focused on aspects of MIF biology in murine cells,

lines, and knockouts. We therefore investigated the poten-

tial of ISO-1 to modulate TLR-specific responses in

primary human monocytes, primary MDM, and simple

coculture models of vascular inflammation.

ISO-1 pretreatment inhibits LPS-induced cytokine
generation from primary human monocytes

We first investigated the ability of ISO-1 to regulate LPS-

induced cytokine release from primary human monocytes.

Preliminary data obtained from the study of the THP-1

monocytic line indicated actions of ISO-1 might be tran-

sient (data not shown). Monocytes were therefore pre-

treated for varying lengths of time (�4 hr) with ISO-1

prior to 24 hr of treatment with LPS, with ISO-1 remain-

ing present throughout the LPS treatment. ISO-1

profoundly inhibited LPS-induced TNF-a, CXCL8, and

IL-1b release from freshly-isolated monocytes (Fig. 1).

Some temporal regulation of cytokine production was
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Figure 1. TLR4-induced cytokine release in enriched monocytes is

inhibited by ISO-1 pretreatment. Monocytes were enriched by nega-

tive magnetic selection from human peripheral blood and pretreated

with ISO-1 (50 lm) or DMSO for the times shown, prior to addi-

tion of LPS (1 ng/ml) for a further 24 hr, with ISO-1 remaining

present throughout the time course. Cell-free supernatants were col-

lected and (a) TNF-a, (b) CXCL8, or (c) IL-1b content assayed by

ELISA. Data are mean ± SEM from five to six separate experiments

from different donors. Significant inhibition of cytokine release is

indicated by *P < 0�05; **P < 0�01; ***P < 0�001, analysed by

two-way anova with Bonferroni’s post-test.
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evident, since when the interval between addition of

ISO-1 and stimulation of cells with LPS was 4 hr, IL-1b
release was no longer inhibited, whilst LPS-induced pro-

duction of TNF-a and CXCL8 remained blocked (Fig. 1).

ISO-1 treatment did not cause monocyte cell death over

the time course of these experiments (data not shown).

ISO-1 is without effect on primary human MDM

There is now substantial evidence that monocytic cell

types can show variable responses to a range of stimuli

according to lineage, activation status, and differentiation

stage.29 Accordingly, we investigated the consequences of

MIF antagonism on cytokine production from primary

human MDM. In human MDM, ISO-1 had no significant

effect on cytokine (TNF-a and CXCL8) release in

response to LPS treatment (Fig. 2).

ISO-1 does not regulate responses to LPS through
modulation of TLR4 expression

Whilst MIF has been reported to regulate LPS responses

by controlling TLR4 cell surface expression via regulation

of gene expression,23 the rapid effects of ISO-1 on LPS

responses suggested a mechanism involving control of

TLR signalling was more likely. We therefore conducted

further experiments over shorter time courses to correlate

regulation of signalling and TLR4 expression. ISO-1 treat-

ment of primary monocytes for 0�5 or 4�5 hr did not alter

TLR4 expression compared to the DMSO vehicle control,

whether LPS was present or absent for the latter 4 hr

(Fig. 3). However, monocytes released significantly less

TNF-a 4 hr post-LPS when in the presence of ISO-1

(Fig. 3), demonstrating that the effect of ISO-1 on cyto-

kine output was not caused by a change in cell-surface

TLR4 expression.

LPS-induced ERK1/2 MAPK activation is inhibited
by ISO-1 in primary human monocytes

The data above indicated that the rapid ability of ISO-1

to inhibit LPS-induced TNF-a release was the result of

the modulation of signalling events downstream of TLR4.

MIF has been shown to regulate ERK signalling20 both

through engagement of elements of a cell surface receptor

complex17–19 and by binding to an intracellular partner,

JAB1/CSN5, which exerts multiple actions on ERK.21,22

Accordingly, further experiments determined whether

ISO-1 treatment caused inhibition of LPS-induced ERK

activation. In primary, freshly-isolated monocytes, ERK1/2

activation peaked 15 min after LPS treatment, and ISO-1

significantly inhibited this response (Fig. 4). The actions

of ISO-1 were specific to the ERK pathway, because ISO-1

pretreatment did not modulate activation of p38 MAPK

(Fig. 4) at any tested time in these cells.

Inhibition of TLR signalling by ISO-1 is in part
mimicked by inhibitors of ERK

In further experiments, we sought to compare the actions

of ISO-1 with well-recognized inhibitors of ERK signalling

(Fig. 5), and also studied the activation of monocytes by

TLR2 agonists, using Pam3CSK4 (which activates TLR2/1

heterodimers) and MALP-2 (which activates TLR2/6

heterodimers). Inhibition of ERK by PD98059 inhibited

TNF-a and CXCL8 production induced by LPS or TLR2

agonists. A non-inhibiting control molecule, SB202474,

failed to inhibit TLR signalling (data not shown), whilst

another ERK inhibitor, U0126, showed equal and similar

efficacy to PD98059 (data not shown).
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Figure 2. ISO-1 has no significant effect on cytokine release from

MDMs. Human monocyte-derived macrophages were pretreated

with ISO-1 (50 lm) or DMSO for the times shown, prior to addi-

tion of LPS (1 ng/ml) for a further 24 hr, with ISO-1 remaining

present throughout the time course. Cell free supernatants were col-

lected and (a) TNF-a or (b) CXCL8 content assayed by ELISA. No

significant inhibition of cytokine release by ISO-1 was found. Data
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donors and analysed by two-way anova with Bonferroni’s post-test.
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Signalling events induced by agonists of TLR2 are
only partially inhibited by ISO-1 pretreatment

Previous reports have primarily considered the effects of

manipulating MIF on TLR4 expression and function. The

marked effects of ISO-1 on ERK signalling, and the evi-

dence that an ERK inhibitor, PD98059, also inhibited

TLR2 responses in monocytes, led us to determine

whether ISO-1 would also affect signalling of TLR2. Simi-

larly to effects on LPS activation, production of CXCL8 by

both TLR2 agonists was inhibited by ISO-1 pretreatment
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cell lysates were analysed by western blot using Abs specific to the

phosphorylated forms of p38 or ERK1/2. Blots were densitometrically

analysed and normalized to b-actin to control for loading. Data are

presented as mean ± SEM of four separate experiments from differ-

ent donors with representative western blots shown below. Significant

decrease in activation by ISO-1 treatment is shown by ***P < 0�001

analysed by two-way anova with Bonferroni’s post-test.
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Figure 3. ISO-1 modulation of TNF-a production is not through

control of TLR4 expression. Enriched human monocytes were pre-

treated with ISO-1 (50 lm) or DMSO vehicle control for 0�5 hr

before addition of LPS (1 ng/ml) or media control for 4 hr, with

ISO-1 remaining present throughout the time course. TLR4 expres-

sion was measured by flow cytometry either immediately after the

0�5 hr treatment with ISO-1 or DMSO, or after the addition of LPS

or buffer for a further 4 hr. (a) A representative histogram of IgG2a

control staining versus TLR4 staining in cells treated with vehicle

control (DMSO) or ISO-1 for a total of 4�5 hr is shown. Mean data

for four experiments are shown in panel (b). In panel (c), cell-free

supernatants were collected after the 4 hr LPS/media treatment and

TNFa content measured by ELISA. Data are mean ± SEM of four

separate experiments from different donors. Significant differences

are indicated by *P < 0�05 analysed by one-way anova with Tukey’s

multiple comparison post-test.
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(Fig. 6). In contrast, production of TNF-a in response to

these agonists was not inhibited by ISO-1 (Fig. 6).

ISO-1 inhibits cytokine production in a model of
vascular inflammation

We have recently shown that responses to TLR agonists

such as LPS can be most effectively generated when leuco-

cytes and tissue cells have the opportunity to co-operate.

We have shown that activation of monocytes by LPS

results in production of mediators, including IL-1b, that

cause secondary activation of tissue cells and marked

amplification of proinflammatory cytokine produc-

tion.30,31 These systems have the potential to contribute

substantially to vascular inflammation.30 We therefore

established cocultures of primary HUVEC and monocytes

and stimulated these with LPS in the presence or absence

of ISO-1.

In these cocultures, monocytes were added at much

lower numbers than in the studies above examining

responses of monocytes alone (see Materials and meth-

ods). Thus, relatively little CXCL8 was produced from

the wells containing monocytes alone, but when in

coculture with HUVEC, there was a marked upregulation

of CXCL8 production in keeping with other work

from our group (manuscript in preparation).30 We

found that pretreatment with ISO-1 for 1 hr caused a

significant reduction in CXCL8 production from co-

cultures (Fig. 7), showing that this prototypic inhibitor

might exert clinically important effects during acute

periods of inflammation, reducing the risk of vascular

inflammation and atherosclerotic plaque rupture or

disease progression.

Discussion

Targeting of MIF has the potential to be of considerable

therapeutic benefit in septic and proinflammatory condi-

tions, and a recent description of a MIF-specific inhibitor,

ISO-1, has brought clinical targeting nearer.15–17 To date,

much of our understanding of MIF biology has been

derived from mouse models and systems, and data

obtained from cell lines. Murine monocytic cells have

been identified as important producers and targets of
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MIF,32 and recent studies have shown that human den-

dritic cells may be sources of MIF, and may produce

more MIF when isolated from patients with inflammatory

diseases such as rheumatoid arthritis.33

Accordingly, we sought to explore the actions of ISO-1

on acute responses of primary human monocytic cells. In

this study, we have revealed that ISO-1 inhibits responses

of human monocytes, but not MDM, to TLR4 agonists,

and such regulation occurs independently of control of

TLR4 expression. Furthermore, we have shown that

responses of monocytes to TLR2 agonists are also in part

impaired. These actions of ISO-1 showed partial equiva-

lence to those of specific inhibitors of ERK, consistent

with the potential for MIF to regulate ERK activation.

In initial experiments, we found that the recently-iden-

tified MIF-specific inhibitor, ISO-1,16 caused a striking

suppression of LPS-induced proinflammatory cytokine

production in primary human monocytes. We therefore

investigated the mechanisms involved in the inhibition of

TLR signalling by ISO-1. In MIF)/) mice, impaired TLR

signalling has been linked to loss of TLR4 expression.23

Preservation of selected aspects of the LPS response has,

however, been observed in MIF)/) mice by some, though

not all studies,11,23,34 suggesting that TLR4 function may
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be maintained in some settings. We also observed that

ISO-1 was effective even when added only very shortly

before the TLR agonist, strongly suggesting that actions

of ISO-1 were unlikely to be mediated by control of

TLR4 expression. When directly tested, our data showed

that TNF-a production could be suppressed by ISO-1 in

these cells even when TLR4 expression was maintained.

Furthermore, impairment of TLR responses extended to

an ability of ISO-1 to impair production of CXCL8, but

not TNF-a, in response to TLR2 agonists, suggesting reg-

ulation of TLR signalling by this molecule.

TLR2 and TLR4 use signalling pathways that have

many common features with that of the IL-1R, and it is

interesting to note that fibroblasts from MIF)/) mice also

show impaired responses to IL-1, though whether this is

mediated by regulation of intracellular signalling or effects

on IL-1R expression remains unclear.35 Similarly, induc-

tion of fibroblast proliferation by IL-1 is inhibited by

neutralization of MIF.36 Our data strongly implied that

TLR responses must be regulated by ISO-1 at an intracel-

lular level, and identify a broader interaction with innate

immune signals than was previously known. TLR2 and

TLR4 both couple to MyD88 and Mal to initiate signal-

ling (with TLR4 additionally coupling to TRIF and

TRAM), and the differences in actions of ISO-1 on TNF-

a production induced by activation of these receptors

suggested that the points of regulation would lie below

these adapters.

Signalling pathways of MIF are complex. It can activate

CXCL8 production in fibroblasts via nuclear factor-jB

and tyrosine-kinase dependent signalling,37 and contrib-

utes to the regulation of fibroblast proliferation via ERK

signalling.36 Various data have also described MIF signal-

ling via a pathway involving activation of Ras/Raf/MEK/

ERK,20,38 whilst in monocytic cell lines regulation of the

p38 MAPK pathway by MIF is mediated through regula-

tion of MAPK phosphatase-1 (MKP-1).39 MIF binds to

an intracellular partner, JAB1/CSN5, which exerts both

positive and negative regulation of ERK signalling.22

Accordingly, we compared the actions of ISO-1 with two

well-characterized inhibitors of ERK, PD98059 and

U0126. We observed that PD98059 also inhibited TLR

signalling in freshly-isolated human monocytes, although

unlike ISO-1, it was able to inhibit TNF-a production in

response to MALP-2 and Pam3CSK4. The mechanisms

underpinning these differences between ISO-1 and

PD98059 actions are not clear and are currently the sub-

ject of ongoing work in our laboratory. Other groups

have also shown that inhibition of ERK leads to reduced

TNF-a expression in human monocytic cells stimulated

with LPS.40,41 We directly tested the hypothesis that

ISO-1 inhibited TLR-induced activation of ERK by exami-

nation of MAPK phosphorylation patterns. We found

that, in freshly-isolated primary human monocytes, ISO-1

inhibited LPS-induced ERK1/2 MAPK activation but did

not inhibit activation of p38 MAPK. These data are in

keeping with a hypothesis that, in monocytes, MIF regu-

lation of ERK signalling may be as a high-level permissive

regulator of TLR4 signalling. Alternatively, despite the

specific binding of ISO-1 to MIF,16 and the failure of

ISO-1 to inhibit LPS-induced TNF-a production in

MIF)/) mice,16 our data might be revealing an off-target

but relatively selective inhibition of ERK in human cells

by ISO-1, a possibility we in part addressed by examining

responses of MDM.

In contrast to the results observed in primary mono-

cytes, we observed that cytokine release from primary

MDM was unaffected by exposure to ISO-1 over the time

course tested. These cells show induction of TNF-a pro-

duction in response to LPS that has been shown to be

inhibited by PD98059.41 Thus, if ISO-1 were exerting its

actions exclusively through off-target effects on ERK sig-

nalling, inhibition of TNF-a production by MDM may

also have been expected. Existing data from other studies

predicts that prolonged ISO-1 exposure may result in a

later phase of regulation of TLR4 expression.23,34 ISO-1

could therefore still exert activity on these cells through

regulation of TLR4, or indeed through the modification

of downstream signalling molecules via control of MKP-1

expression,39 but over a different time course to that

observed in the monocytes. Such variations in responses

to ISO-1 between primary human cells, coupled with evi-

dence noted above describing different potential pathways

by which MIF might interact with signalling pathways,

reinforce the need to study MIF biology, and the role of

new candidate inhibitors, in relevant primary cells.

Treatment with ISO-1 or derivatives might therefore

exert complex effects on the local immune response. We

have shown previously that responses to LPS are most

effectively mediated by cooperative signalling between

leucocytes and tissue cells.30,31 In these settings, low num-

bers of monocytes can act upon tissue cells to amplify

their responses significantly: evidence from in vivo models

of lung inflammation suggest that these models are

biologically significant.42 We observed that treatment of

cocultures of endothelial cells and monocytes with ISO-1

resulted in a dramatic inhibition of coculture activation

as determined by CXCL8 production. Our previous

observations show that IL-1 production by LPS-activated

monocytes is important for the activation of tissue cells in

cocultures.30,31 In this study, we have shown that ISO-1

pretreatment delays IL-1 production from LPS-activated

monocytes, and thus the decreased activation of LPS-

stimulated cocultures which have also been treated with

ISO-1 may well be predominantly by inhibition of IL-1b
production. Thus, ISO-1 may have important roles in

regulating the production of mediators directly involved

in leucocyte recruitment (such as CXCL8), and also medi-

ators acting to amplify inflammatory responses (such as

IL-1b). These data demonstrate that the ability of ISO-1
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to inhibit activation of TLR signalling may result in a

rapid control of inflammatory responses in the vascula-

ture and other tissues, where inflammation involves

monocytes.

In conclusion, we have defined a novel mechanism by

which the inhibitor, ISO-1, appears to regulate inflamma-

tory responses to TLR agonists such as LPS. This involves

regulation of ERK signalling in a manner potentially con-

sistent with the MIF signalling pathway, but the possibility

of off-target effects of ISO-1 on ERK activation need to be

borne in mind. This mechanism shows variations between

monocytic cells of different differentiation state and per-

haps between species, implying that the therapeutic use of

small molecule inhibitors based on this prototypic drug

will require careful thought with respect to the model

system utilized and the length of exposure to the drug.
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