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1 In this study, we examined the role of mitogen-activated protein (MAP) kinases in the effects of
verotoxins (VTs), from Escherichia coli O157:H7, upon both apoptosis and the release of tumour
necrosis factor alpha (TNF-a) and granulocyte–macrophage colony-stimulated factor (GM-CSF)
from human monocytes.

2 Both VT1 and VT2 stimulated a weak, transient increase in c-Jun-N-terminal kinase (JNK)
activity and a strong activation of both p38 mitogen-activated protein kinase (MAP kinase) and
extracellular-regulated kinase (ERK) activity in human monocytes, which was sustained in the case of
p38 MAP kinase.

3 Stimulation of human monocytes with VT2 (100 ngml�1) did not result in an increase in apoptosis;
however, the toxin stimulated the release of both TNF-a and GM-CSF.
4 Pretreatment of human monocytes with the p38 MAP kinase inhibitor SB203580, at
concentrations from 100 nM to 10 mM, significantly decreased the VT1- and VT2-induced TNF-a
and GM-CSF release from monocytes. In contrast, inhibition of MEK1 with PD98059 only
significantly decreased GM-CSF release.

5 Pretreatment of monocytes with SP600125 inhibited both GM-CSF and TNF-a production;
however, significant effects upon p38 MAP kinase and ERK activation were observed.

6 Taken together, these results suggest a role for p38 MAP kinase and ERK in cytokine generation
in response to the verotoxins. A role for JNK remains undetermined.
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Introduction

Verotoxigenic Escherichia coli (VTEC), principally the ser-

otype O157:H7, is an extremely virulent foodborne pathogen

in humans (Coia, 1998; Dundas & Todd, 1998) and has a high

mortality rate, particularly among infants and the elderly,

where complications such as haemolytic uraemic syndrome

(HUS) can arise (Louise & Obrig, 1991; Hofman, 1993; Arbus,

1997; Murata et al., 1998). The major pathogenic components

of E. coli O157:H7 are the verotoxins (VTs; also known as

Shiga toxins; Stxs) (O’Brien & Holmes, 1987), which are

classified into VT1 and VT2 families (O’Brien et al., 1992). The

VTs mediate their effects by binding to globotriaoslyceramide

(Gb3/CD77) receptors, expressed on cells such as the renal

endothelium and epithelium and monocytes (Tesh & O’Brien,

1991; Karpman et al., 1998). Once bound, the VTs induce

death through inhibition of protein synthesis and apoptosis

(Tesh & O’brien, 1991; Kiyokawa et al., 1998).

Only relatively recently have a number of studies investi-

gated the role of key signalling pathways in the effects of VT

(Ikeda et al., 2000; Berin et al., 2002; Foster & Tesh, 2002;

Yoshida et al., 2002; Smith et al., 2003). One intriguing aspect

of cellular responsiveness to VT is that it is extremely cell-type

specific. For example, Vero cells (African Green monkey

kidney epithelial cells) and many endothelial and epithelial

cells are exquisitely sensitive to the VTs cytotoxic effects

(Inward et al., 1995; Karpman et al., 1998; Ohmi et al., 1998),

while others such as peripheral blood monocytes have been

reported to be resistant (Ramegowda & Tesh, 1996). Further-

more, in neutrophils, it appears that VT may prolong their

survival by delaying spontaneous apoptosis (Liu et al., 1999;
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2002). These numerous cellular effects suggest differences in

the mechanisms by which diverse cellular responses are

initiated.

The mitogen-activated protein kinases (MAP kinases) are a

family of threonine-directed kinases known to play an

important role in cell function (Paul et al., 1997). They consist

of several families, including the extracellular-regulated kinase

(ERKs) and the stress-activated protein (SAP) kinases, C-Jun

N terminal kinases (JNKs) and p38 MAP kinases. An

increasing body of evidence has implicated a role for these

kinases in the regulation of diverse cellular functions, including

cytokine release (Swantek et al., 1997; Brinkman et al., 1999),

cellular proliferation and apoptosis. Indeed, recent studies

have implicated a role for JNK in both proapoptosis and

cytoprotection, depending on the nature of the stimulus,

kinetics of activation and cell type (Xia et al., 1995; Chen et al.,

1996; Zanke et al., 1998; Harada & Sugimoto, 1999).

Recently, we have shown that VT, unlike a number of

cytokines and certain agonists at G protein-coupled receptors

(GPCRs), stimulates a sustained increase in JNK up until the

point of cell death (Cameron et al., 2002). However, the roles

of JNK and other related kinases, such as p38 MAP kinase

and ERK, in the cellular effects of VT have not yet been

elucidated. In this study, we examined the ability of VT1 and

VT2 to stimulate JNK, p38 MAP kinase and ERK in human

peripheral blood monocytes, which are reported to be resistant

to the cytotoxic effects of the VTs and have been described to

respond, instead, via the release of proinflammatory cytokines

(Ramegowda & Tesh, 1996; van Setten et al., 1996).

Here, we describe the activation of JNK, p38 MAP kinase

and ERK in response to VT1 and VT2 in human monocytes,

with kinetics that differ markedly from those that we reported

previously in Vero cells. We also show that PB monocytes do

not undergo apoptosis, in response to VT, and that p38 MAP

kinase and ERK play a role in tumour necrosis factor alpha

(TNF-a) and granulocyte–macrophage colony-stimulated

factor (GM-CSF) release. In contrast, a role for JNK in the

regulation of TNF-a and GM-CSF release from human

monocytes using a novel inhibitor, SP600125, remains

unproven.

Methods

Materials

All chemicals and reagents were obtained from appropriate

commercial sources. The E. coli expression plasmid for GST-c-

Jun(5 – 89) was a kind gift from Professor C.J. Marshall, (Chester

Beatty Laboratories, London, U.K.). VT1 and VT2 were

purchased from Toxin Technology (FL, U.S.A.). All phos-

phorylation site-specific antibodies were purchased from

Biosource (U.K., Ltd). Antibodies directed against the inactive

forms of ERK and p38 MAP kinase were obtained from Santa

Cruz (CA, U.S.A.). SB203580 and PD98059 were obtained

from Calbiochem (Nottingham, U.K.) and SP600125 was a

kind gift from Brydon Bennett (Signal Pharmaceuticals, San

Diego, CA, U.S.A.).

Isolation of human peripheral blood monocytes

Venous blood (30–60ml) from healthy volunteers was

collected by the vacutainers system (Greiner) utilising

19-gauge butterfly needles with holdexess and 9ml acid

citrate dextran (ACD) collection vials. Blood was sedimented

with 3% hydroxyethyl starch (Elo hespan; Fresenius Kabi,

Ltd, Cheshire, U.K.) for 45min and the resulting buffy coat

supernatant was centrifuged at 450� g for 10min at 201C. The
cell pellet was gently resuspended in 2ml 55% (v/v in PBS)

Percoll and layered onto a Percoll gradient, comprising an

81% (v/v) layer (5ml), followed by a 70% (v/v) layer (5ml)

placed on top. The Percoll gradients were then centrifuged at

500� g for 25min at 181C. The mononuclear cells, visible at
the 55 and 70% interface, were retained and washed three

times in Hanks’ balanced salt solution (HBSS), followed by

centrifugation at 500� g for 10min at 201C. The remaining
cells were washed, counted and resuspended in RPMI 1640

(Dutch modification) containing 10% foetal calf serum (FCS),

2mM L-glutamine, 100U penicillinml�1 and 100 mg
streptomycinml�1 in six- and 12-well plates (Corning Costar,

Bucks, U.K.) in a humidified atmosphere containing 5% CO2
at 371C. After a minimum of 90min, plates containing the

mononuclear cells were gently agitated and the lymphocytes

were aspirated off. The remaining adherent monocytes were

washed twice in HBSS and fresh medium was added.

Western blotting

The detection of phospho-p38 MAP kinase, phospho-ERK

and phospho-JNK using SDS–PAGE was conducted as

outlined previously (Laird et al., 1998). All antibodies were

titred for optimum conditions and in all figures showing

phosphoblots, equal loading by total ERK/p38/JNK was

demonstrated.

Solid-phase JNK in vitro kinase assay

Following stimulation, the cells were washed in ice-cold

phosphate-buffered saline (PBS), lysed in the appropriate

solubilising buffer and precleared supernatants were added to

the relevant substrate as described previously (Paul et al.,

2000). Briefly, following solubilisation, lysates were clarified

by centrifugation at 13,000� g for 5min at 41C and super-

natants retained. The precleared supernatants (10 mg protein)
were added to 20ml slurry of glutathione S-transferase (GST)–
c Jun(5 – 89)/GSH–Sepharose beads and mixed for 3 h at 41C.

The precipitates were then resuspended in 25ml of kinase
buffer and the reaction was started by the addition of

[g-32P]ATP (1–2 mCi, 25mM) and incubated for 20min at

301C. Adding 10ml of 4�Laemmli sample buffer terminated
the reaction. Samples were boiled for 5min, resolved on 11%

SDS/PAGE gels and fixed in 20ml fixer solution (20% (v/v)

methanol/10% (v/v) acetic acid, 30min). Gels were dried and

subjected to autoradiography overnight.

MAPKAP kinase-2 assay

The reaction in VT-stimulated cells was stopped by washing

twice with ice-cold PBS (750ml) followed by lysis of cells in
solubilising buffer containing 20mM Tris-HCl (pH 7.5),

150mM NaCl, 1% (v/v) Triton X-100, 10% (v/v) glycerol,

2mM EDTA, 10mM b-glycerophosphate, 20mM NaF, 0.1mM

Na3VO4, 2 mgml�1 leupeptin, 2 mgml�1 aprotinin, 0.1% (v/v)

b-mercaptoethanol and 250mM PMSF. Cells were scraped

from the wells, placed in Eppendorf microfuge tubes, vortex
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mixed for 1 s and solubilised on ice for 30min. Protein G–

Sepharose beads (40 ml; Sigma, Dorset, U.K.) were washed
twice in solubilising buffer and then anti-MAPKAP kinase-2

antibody (1 mg tube�1, final volume 40ml; Upstate Biotechno-
logy, Milton Keynes, U.K.) was coupled to the beads by

incubation at 41C with agitation for 1.5 h. The beads were then

pelleted by centrifugation at 13,000� g for 1min, the

precleared cell lysates (13,000� g, 5min) were added and

MAPKAP kinase-2 was immunoaffinity isolated over 2.5 h by

rotation at 41C. After this period, beads were washed once

more in solubilising buffer followed by kinase buffer, contain-

ing 25mM HEPES-NaOH (pH 7.4), 20mM MgCl2, 5mM

b-glycerophosphate, 0.1mM Na3VO4 and 2mM DTT. Beads

were resuspended in kinase buffer containing 30 mM MAP-

KAPK-2 substrate peptide (Upstate Biotechnology), 2.5 mM
PKA inhibitor peptide, 50mM ATP/2 mCi [g-32P]ATP/tube in a
final volume of 30ml and incubated with agitation for 30min at
301C. The reaction was terminated via the addition of 300mM
H3PO4 (10ml). Samples were spotted onto P81 ion-exchanger
paper (Merck) and washed twice with 75mM H3PO4 over a 5-

min period followed by two washes with distilled H2O over

5min. Filters were dried and [g-32P]phosphate incorporation
into the substrate peptide was assessed by liquid scintillation

counting.

Determination and quantification of apoptosis

Following incubation with VT, or any pharmacological agent,

cells were incubated with phycoerythrin (PE)-conjugated

Annexin V and 7-aminoactinomycin D (7-AAD), as described

previously (Martin et al., 1995), and apoptosis was quantified

by flow cytometry (FACScan, Becton Dickinson). Briefly,

stimulated, adherent cells were scraped from the wells and

washed twice with PBS. Cells were then resuspended in

annexin V binding buffer (100 ml) containing 10mM HEPES/

NaOH pH 7.4, 140mM NaCl, 2.5mM CaCl2, at a concentra-

tion of 1� 106 cellsml�1, and incubated with Annexin V–PE
(5 ml; Pharmingen) on ice in the dark for 15min. Sample

volumes were then increased to 500ml in binding buffer and
placed on ice in the dark and analysed within 1 h. Immediately

prior to flow cytometric analysis, 7-AAD (5 ml) was added to
each sample. Data were analysed with Win MDI 2.8 software.

Quantification of TNF-a and GM-CSF release

TNF-a release from human monocytes was quantified by

indirect enzyme-linked immunosorbent assay (ELISA) em-

ploying antibodies and recombinant human TNF-a (rhTNF-a)
from R & D Systems (Oxon, U.K.). A mouse anti-human

TNF-a monoclonal antibody (100ml well�1) was coated onto
96-well plates (F16 maxisorb immunomodules, Nunc, Scien-

tific laboratory Supplies Ltd, Nottingham, U.K.) at a

concentration of 4mgml�1 in PBS (pH 7.4) for 12 h at 41C.

Plates were then washed three times with PBS/0.05% (v/v)

Tween-20 and the wells were blocked with PBS containing 1%

(w/v) bovine serum albumin (BSA) and 5% (w/v) sucrose for

2 h at room temperature, before the plates were again washed.

Unknown samples and rhTNF-a (at concentrations ranging
from 16 pgml�1 to 1 ngml�1) were added at 100ml per well and
incubated at room temperature for 2 h. Plates were washed as

before and a second biotinylated goat anti-human TNF-a
antibody was added at a concentration of 200 ngml�1, diluted

from stock in an antibody buffer containing 20mM Tris-HCl

(pH 7.4), 150mM NaCl, 0.1% (w/v) BSA and 0.05% (v/v)

Tween-20 at 100ml per well for 2 h at room temperature.

Following four further washes, a streptavidin–HRP conjugate

(Cambridge Bioscience, Cambridge, U.K.) was diluted 1 : 4000

in antibody buffer and 100 ml added to each well for 20min at
room temperature. After a final washing stage, plates were

developed with 100 ml 3,30,5,50-tetramethyl-benzidine (TMB)
substrate solution (6mgml�1 TMB/DMSO (250ml); 100mM
acetate/citrate buffer, pH 5.5 (25ml); 0.1% (30%) H2O2) for

20min in the dark at room temperature. TNF-a was measured
colourimetrically at 450 nm and quantified by interpolation

from a standard curve constructed to known concentrations of

human recombinant TNF-a. The detection limit of this assay is
16 pgml�1.

For quantification of GM-CSF release, 96-well round-

bottom plates (Greiner Labortechnik Ltd, Dursley, Glouces-

tershire, U.K.) were coated with 50ml of a rat, anti-human
GM-CSF monoclonal antibody (Pharmingen/Cambridge

Bioscience, Cambridge, U.K.) diluted 1 : 250 in buffer B

(100mM NaHCO3, 15mM NaN3, pH 8.2) and left overnight

at 41C. Plates were subsequently washed in buffer B and

immediately blocked with 200ml foetal calf serum (FCS; 10%

in buffer B) for 2 h at room temperature. After an additional

wash with buffer B, 100 ml GM-CSF standards, quality

controls and unknown samples, in supplemented Dutch-

modified RPMI 1640, were added to the plates and left for

18 h at 41C. Plates were washed in buffer B, incubated for

45min at room temperature with 100 ml of a biotinylated rat,
anti-human monoclonal GM-CSF antibody (Pharmingen/

Cambridge Bioscience, Cambridge, U.K.), diluted 1 : 500 in

buffer B, supplemented with 10% FCS, washed again, and

then incubated for an additional 30min at room temperature

with 100ml of avidin-peroxidase diluted 1 : 400 in buffer B

supplemented with 10% FCS. Plates were washed again and

developed with 100ml 2,20-azino-bis-(3-ethylbenzothiazoline-6-
sulphonic acid) (ABTS) substrate solution (0.55mM ABTS;

0.1M citric acid, pH 4.35; 0.1% (30%) H2O2). GM-CSF was

measured colourimetrically at 405 nm and quantified by

interpolation from a standard curve constructed to known

concentrations of human recombinant GM-CSF. The detec-

tion limit of this assay is 16 pgml�1.

Data analysis

All data are expressed as means7standard deviation (s.d.) of
the mean. Statistical analysis was performed by Students’ t-test

(two-tailed) and all data represent the mean of at least three

independent experiments.

Results

VT induced an increase in JNK activity

In Figure 1a, a small time-dependent increase in the level of

p-JNK was observed and samples were also blotted for the

inactive form of JNK to ensure equal protein loading

(Figure 1b). However, since the activation of JNK was

difficult to measure with phosphorylation site-specific anti-

bodies, a solid-phase JNK assay was employed. Using this

method, JNK was activated in response to stimulation with
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either VT1 or VT2 (both 3mgml�1; Figures 1c and d), reaching
maximal levels at 30min at 12.1- and 8.575-fold stimulation,
over basal phosphorylation, respectively, and returning to

basal by 120min (Figure 1e).

VT induced a sustained increase in p38 MAP kinase
activity

In Figure 2, a time-dependent increase in VT1- and VT2-

stimulated phospho-p38 levels in human peripheral blood

monocytes was observed, which was maximal at 60min and

remained sustained for up to 3 h (Figures 2a and b). VT1

induced at 4.170.9-fold increase in phospho-p38 activity and
VT2 increased phospho-p38 levels by 2.870.1-fold (Figure 2d)
over basal phosphorylation at 0min. Samples were also blotted

for the inactive form of p38 to ensure equal protein loading

(Figure 2c). The increase in VT-induced p38 phosphorylation

was also concentration dependent, reaching maximal levels

with 3 and 10 ngml�1 VT1 and VT2, respectively (Figures 2e

and f). Samples were again blotted for the inactive form of p38

to ensure equal protein loading (Figure 2g).

VT induced an increase in ERK activity

In Figure 3, a time-dependent increase in phosphorylation of

ERK is shown for monocytes stimulated with VT1 and VT2

(both 3 ngml�1; Figures 3a and b). This was maximal by

60min with a 37711.3- and 1077-fold increase in phospho-
ERK activity, following stimulation with VT1 and VT2,

respectively (Figure 3d) and had returned to near basal levels

by 3 h. Samples were also blotted for the inactive form of ERK

to ensure equal protein loading (Figure 3c). The increase in

ERK phosphorylation was also concentration dependent,

reaching maximal levels with 3 and 10 ngml�1 VT1 and VT2,

Figure 1 Effect of VT1 and VT2 on JNK activity in human
monocytes. Human monocytes were treated with VT1 (3 ngml�1) for
the times indicated (a) and whole-cell extracts were blotted for
phospho-JNK (n¼ 3) as outlined in the Methods section. In (b and
c), cells were treated with either VT1 or VT2 (both 3 ngml�1) for the
times indicated and whole-cell lysates were assayed for JNK activity
by solid-phase phosphorylation of GST-c-Jun (n¼ 3), as described
in the Methods section. JNK activities were quantified by
densitometry (d); each value represents the mean7s.d. of at least
three experiments.

Figure 2 Effect of VT1 and VT2 on p38 MAP kinase activity in
human monocytes. Human monocytes were treated with VT1 or
VT2 (both 3 ngml�1) for the times indicated (a and b) or with
increasing concentrations of either VT1 or VT2 for 30min (e and f).
Whole-cell extracts were blotted for phospho-p38 (a, b, e and f) or
total p38 MAP kinase (c) as outlined in the Methods section (n¼ 3).
Values obtained in (a and b) were quantified by scanning
densitometry and the mean7s.d. of each value is represented in
panel (d).
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respectively (Figures 3e and f). Samples were again blotted for

the inactive form of ERK to ensure equal protein loading

(Figure 3g).

Effect of VT2 on apoptosis in human monocytes and Vero
cells

In Figures 4a and b, the basal level of apoptosis of untreated

human peripheral blood monocytes was 14710%, and this
was not significantly increased following stimulation with VT2

Figure 3 Effect of VT1 and VT2 on ERK activity in human
monocytes. Human monocytes were treated with VT1 or VT2 (both
3 ngml�1) for the times indicated (a and b) or with increasing
concentrations of either VT1 or VT2 for 30min (e and f). Whole-cell
extracts were blotted for phospho-ERK (a, b, e–g) or ERK (c) as
outlined in the Methods section (n¼ 3). Values obtained in (a and b)
were quantified by scanning densitometry and the mean7s.d. of
each value is represented in (d).

Figure 4 Effect of VT2 on apoptosis in human monocytes and
Vero cells. Human peripheral blood monocytes were stimulated for
18 h with VT2 (100 ngml�1). Cells were then stained for apoptosis
with annexin V, and counterstained with 7-AAD to exclude necrotic
cells, before analysis by flow cytometry. In (a), cells in the lower left
quadrant represent unstained, viable cells, the lower right quadrant
are annexin V-positive cells, the upper right quadrant represent
necrotic cells stained with both annexin V and 7-AAD, while the
upper left quadrant is representative of necrotic cells stained with 7-
AAD alone. (b) Represents the mean of % apoptosis7s.d., n¼ 4.
*Po0.001 compared to control. In (c), Vero cells were stimulated
for 18 h with VT2 (100 ngml�1), in the presence or absence of
SP600125 (10mM). Cells were then stained for apoptosis with
annexin V, and counterstained with 7-AAD to exclude necrotic cells,
before analysis by flow cytometry and (d) represents the mean of %
apoptosis7s.d., n¼ 3. *Po0.05 compared to untreated cells.
**Po0.05 compared to VT2 stimulation.
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(100 ngml�1). Stimulation of monocytes with H2O2 (250mM,

25min) significantly increased the number of cells undergoing

apoptosis to 9075% (Po0.001). In order to confirm that VT

was effective as a proapototic agent, a VT-susceptible cell line,

Vero cells were examined. Following treatment for 18 h, VT2

significantly increased the number of cells undergoing apop-

tosis from 9.775% to 42710% (Po0.05).

VT1- and VT2-induced TNF-a release from monocytes –
the roles of JNK, p38 MAP kinase and ERK

In contrast to the lack of effect upon monocyte apoptosis, both

VT1 and VT2 were found to stimulate the release of TNF-a
(Figure 5). The effects of VT1 and VT2 were concentration

dependent, reaching a maximum at 3 ngml�1, with EC50 values

of 32075 and 25079 pgml�1 TNF-a, respectively (Figure 5a).
Figure 5 further illustrates the role of JNK, p38 MAP kinase

and ERK in the release process. The JNK inhibitor, SP600125,

had little effect on either VT1- or VT2-stimulated TNF-a
release, significantly decreasing TNF-a release by 67721 and

62722%, respectively, only at a relatively high concentration
of 10 mM (Figure 5b). However, the p38 MAP kinase inhibitor,

SB203580, significantly reduced both VT1- and VT2-induced

TNF-a release from monocytes in a concentration-dependent

manner with respective IC50 values of 20076 and

5107260 nM, reaching a maximum at 10 mM (Figure 5c).

TNF-a release from VT-stimulated monocytes, pretreated with
the MEK 1 inhibitor PD98059, was unaffected (Figure 5d).

VT1- and VT2-induced GM-CSF release from monocytes
– the role of JNK, p38 MAPK and ERK

Figure 6 shows the release of GM-CSF from monocytes after

stimulation with VT1 and VT2, and the relative roles of JNK,

p38 MAP kinase and ERK. GM-CSF was released from

monocytes following stimulation with VT1 and VT2. This

effect was concentration dependent, reaching a maximum at

3 ngml�1 with EC50 values of 2507170 pgml�1 and

3007130 pgml�1 GM-CSF in response to VT1 and VT2,

respectively (Figure 6a). SP600125 had a greater effect on both

Figure 5 Effect of p38 MAP kinase, ERK and JNK inhibitors on TNF-a release from human monocytes. Monocytes were treated
for 18 h with increasing concentrations of VT1 or VT2 (a), or were pretreated with SB203580 (10 mM), SP600125 (10 mM) or PD98059
(50mM) for 45min then stimulated with VT1 or VT2 (3 ngml�1) for 18 h (b–d). After this period, cell supernatants were collected
and TNF-a release was measured by ELISA as outlined in the methods. Each graph is representative of at least three independent
experiments7s.d., n¼ 3. *Po0.05 compared to control.
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VT1- or VT2-stimulated GM-CSF release than on TNF-a
release, seen in Figure 6b. GM-CSF levels were significantly

reduced at concentrations of 1 and 10 mM inhibitor (Figure 6b).
SB203580 also significantly reduced both VT1- and VT2-

induced GM-CSF release from monocytes, reaching a max-

imum at 10mM (Figure 6c). Pretreatment of monocytes with

PD98059, prior to VT1 and VT2 stimulation, led to a

significant, concentration-dependent reduction in GM-CSF,

and reached a maximum at 50 mM with respective IC50 values

of 1.2370.73 and 1.5170.71mM (Figure 6d).

Effect of SP600125, SB203580 and PD98059 on JNK,
MAPKAPK-2 and ERK activities

In order to confirm that pharmacological inhibition of TNF-a
and GMCSF release accorded to appropriate inhibition of the

cellular signalling pathways, the effects of SP600125,

SB203580 and PD98059 upon JNK, p38 and ERK signalling

was examined. VT2-induced activation of JNK in monocytes

was completely abolished by the JNK inhibitor SP600125

(10mM) with fold stimulation at 60min falling from 1679 to
1.670.6 (Po0.05) (Figure 7a). However, treatment of cells
with the p38 MAP kinase and the MEK 1 (the upstream

activator of ERK) inhibitors, SB203580 (10 mM) and PD98059
(50mM), respectively, was without significant effect on JNK
activity (Figures 7a and b).

VT2-induced activation of MAPKAPK-2, a downstream

target of p38 MAP kinase, was abolished by SB203580 (10 mM;
Figure 7c) and the counts per minute, at 60min, fell from

10,533 to 1601 (unstimulated control value¼ 2615). There
was no significant effect on MAPKAPK-2 phosphorylation

when the cells were treated with SP600125 and PD98059.

Figure 6 Effect of p38 MAP kinase, ERK and JNK inhibitors on GM-CSF release from human monocytes. Human monocytes
were treated for 18 h with increasing concentrations of VT1 or VT2 (a), or were pretreated with SB203580 (10 mM), SP600125
(10mM) or PD98059 (50 mM) for 45min then stimulated with VT1 or VT2 (3 ngml�1) for 18 h (b–d). After this period, cell
supernatants were collected and GM-CSF release was measured by ELISA as outlined in the Methods section. Each graph is
representative of at least three independent experiments7s.d., n¼ 3. *Po0.01, **Po0.001 compared to control.
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VT2-induced activation of ERK was abolished by PD98059

(50mM; Figures 7d and f) with levels falling, at 30min, from
8.0571.05- to 1.8570.85-fold activity. Surprisingly, preincu-
bation of monocytes with SP600125 essentially abolished VT-

induced ERK phosphorylation, while SB203580 significantly

increased both unstimulated and VT2-stimulated phosphor-

ylation. Samples were also blotted for the inactive form of

ERK to ensure equal protein loading (Figure 7e).

Discussion

In this study, we examined the characteristics of MAP kinase

activation by VT in relation to the induction of apoptosis and

the synthesis of cytokines in human monocytes. In particular,

we were interested in the kinetics of activation in relation to

function since this has an important bearing on functional

outcomes for the cell. We found that in contrast to Vero cells,

where JNK activity was found to be sustained (i.e. up to 5–9 h

poststimulation), VT induced a more transient increase in JNK

activity in monocytes (Figure 1). This correlated well with a

lack of apoptosis in response to VT challenge (Figure 4),

signifying that the kinetics of JNK is relevant to its

role in apoptosis (Roulston et al., 1998). In a previous

study (Cameron et al., 2002), we found that serotypes of

E. coli O157:H7, which lacked verotoxins and were unable

to induce cell death, stimulated a similar transient increase

in JNK. In agreement with this hypothesis, in preliminary

studies we have shown that VT-induced death of Vero

cells could be delayed using the JNK inhibitor, SP600125

(results not shown), demonstrating, as did a recent study

(Smith et al., 2003), that JNK is involved in VT-induced

apoptosis.

The activation of both p38 MAP kinase and ERK in

monocytes, by VT1 and VT2, displayed similar kinetic profiles,

slow in onset with activity being sustained for at least 3 h in the

case of p38 MAP kinase and 2 h for ERK. These character-

istics are dissimilar to that observed with agents that activate

these pathways via well-characterised receptor-mediated ef-

fects, such as TNF-a and LPS (Jaworowski et al., 1996; Paul
et al., 1996; Laird et al., 1998). For example, LPS generates a

transient ERK signal, which is maximal at 15min and returns

to basal by 2 h (results not shown). Taken together, these

kinetics suggest a different mechanism of activation than that

observed for several other agents. The delayed kinetics of the

responses suggest that internalisation of the toxins, bound to

the receptor CD77, is likely to be a requirement for MAP

kinase signalling, a phenomenon recognised to be essential for

many VT-induced cellular responses (Obrig et al., 1987;

Marcato et al., 2002). Nevertheless, whatever mechanism is

involved, such a unique kinetic profile is likely to contribute to

the functional effects of VT in this cell type.

Although JNK and p38 MAP kinase have previously been

described to contribute to apoptosis of monocytes in response

to an immunomodulating peptide (Oses-Prieto et al., 2000), a

role for the MAP kinases in the resistance of apoptosis,

following VT stimulation, could not be demonstrated in this

study. We therefore sought to assess their role in cytokine

release. We found that VT strongly increased not only TNF-a
(Figure 5) but also GM-CSF release (Figure 6), and although

the release of VT-induced TNF-a has been well described

(Tesh et al., 1994; Ramegowda & Tesh, 1996; van Setten et al.,

Figure 7 Effect of SP600125, SB203580 and PD98059 on JNK,
MAPKAPK-2 and ERK activities. Cells were stimulated with VT2
(3 ngml�1) in the presence or absence of SP600125 (10mM),
SB203580 (10 mM) and PD98059 (50mM) and were assayed for
JNK activity (a, n¼ 4) by solid-phase phosphorylation of GST-c-
Jun, for MAPKAPK-2 activity (c) or whole-cell extracts were
blotted for phospho-ERK (d). In (b, d and e) each value represents
the mean7s.d. of at least three experiments.
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1996), the release of GM-CSF has not previously been

observed for the verotoxin. TNF-a has been shown to

upregulate the VT receptor, Gb3, on numerous endothelial

cells (Louise & Obrig, 1991; van de Kar et al., 1992; van Setten

et al., 1997), increasing their susceptibility to VT. Thus, TNF-a
represents an important mediator of the cytotoxic actions of

VT in other cell types. Neutrophils have previously been

described to mediate endothelial cell damage in both human

and in a mouse model of HUS (Forsyth et al., 1989;

Fitzpatrick et al., 1992; Fernandez et al., 2000). Since GM-

CSF can prolong the lifespan of neutrophils (Moulding et al.,

1998), the release of this cytokine may indirectly enhance the

inflammatory actions of the toxin.

Given that the major source of both TNF-a and GM-CSF
are cells of the monocyte/macrophage lineage (Eskay et al.,

1990), we sought to ascertain the role of the three MAP kinases

by utilising specific cell-permeable inhibitors. This included the

MEK 1 inhibitor PD98059 (Lazar et al., 1995), the p38 MAP

kinase inhibitor SB203580 (Cuenda et al., 1995) and the novel

JNK inhibitor SP600125 (Bennett et al., 2001; Shin et al.,

2002). The use of SB203580 identified roles for p38 MAP

kinase in VT-induced TNF-a and GM-CSF release (Figures 5c
and 6c), in keeping with previous studies utilising the

compound (Meja et al., 2000). Furthermore, studies using

PD98059 implicated a major role for ERK in GM-CSF

release (Figure 6d), comparable to that of p38 MAP kinase,

but in contrast, its role in TNF-a release was minimal

(Figure 5d).

Using SP600125, we identified a potential role for JNK in

VT-induced GM-CSF (Figure 6d), and to a lesser extent,

TNF-a release (Figure 5d). However, there are considerable
difficulties with this interpretation. At a concentration of

10 mM, which inhibited JNK by approximately 90%, SP600125

completely inhibited ERK phosphorylation, comparable to

that produced by PD98059, and conversely, promoted the

activation of p38 MAP kinase (measured as phosphorylation

of MAPKAPK-2). For GM-CSF, this is relevant since both

p38 MAP kinase and ERK are implicated in the release of this

cytokine in response to VT. Previously, this inhibitor was

described to have 300-fold greater selectivity for JNK1, -2 and

-3 than ERK or p38 MAP kinase (Bennett et al., 2001) with an

IC50 of 5–10 mM for the inhibition of c-Jun. However, in our

hands, concentrations of 1–10 mM were required for maximum

inhibition of VT2-induced JNK activity. Therefore, a JNK

inhibitor with greater selectivity is required for the true role of

JNK in TNF-a and GM-CSF release following VT stimulation
to be elucidated. However, it should be noted that SP600125

can be satisfactorily used in some systems. For example, in

Vero cells, VT-induced activation of ERK is negligible, while

JNK and p38 are very strong (Cameron et al., 2002). However,

as p38 MAP kinase and ERK are not involved in apoptosis, a

relative ‘selectivity’ can be identified.

These data, together with our previous work with Vero cells

(Cameron et al., 2002), show two very distinct signalling

profiles in cell types with different responses to the VTs. In

human monocytes, the VTs activate p38 MAP kinase and

ERK but not JNK, while in Vero cells we demonstrated

strong, sustained activation of JNK and p38 MAP kinase, with

little activation of ERK. Furthermore, in Vero cells the VT-

mediated sustained MAP kinase response, particularly JNK, is

consistent with resulting apoptosis in the cells, while the more

transient profile of MAP kinase signalling in monocytes has a

role in generating inflammatory cytokine release.

We wish to acknowledge the kind gifts of constructs and reagents from
various laboratories. We acknowledge the kind gift of SP600125 from
Brydon Bennett of Signal Pharmaceuticals (bbennett@signalpharm.
com). This work was sponsored by SHERT Grant No. RG6/01.
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