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Monocyte intracellular cytokine production during human endotoxaemia with
or without a second in vitro LPS challenge: effect of RWJ-67657, a p38
MAP-kinase inhibitor, on LPS-hyporesponsiveness
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SUMMARY

In the present study, we investigated the effect of RWJ-67657, a p38 MAP kinase inhibitor, upon in
vivo LPS-induced monocyte cytokine production and upon monocyte LPS-hyporesponsiveness. Thirty
minutes before a single injection of LPS (4 ng/kg BW), healthy male volunteers received a single oral
dose of RWJ-67657 at increasing dosages (0-1400mg). Blood samples (pre-medication, 3, 6 and 24 h
after LPS) were immediately incubated with LPS (reflecting LPS-hyporesponsiveness) or without LPS
(reflecting in vivo monocyte stimulation) for 4 h at 37°C. Following red blood cells lysis and white blood
cell permeabilization, cells were labelled with o-CD14-FITC and o-IL-1B, o-IL-12 or o-TNFo
(PE-labelled), fixed, and analysed using flow cytometry. In vivo LPS injection resulted in an increased
percentage of circulating monocytes producing IL-18, TNFo and IL-12 only at 3h after the LPS
injection. This was dose-dependently inhibited by RWJ-67657 treatment. LPS-hyporesponsiveness to
in vitro LPS treatment was most prominent at 3 and 6 h after the in vivo LPS injection; compared with
pre-medication monocytes, at these intervals a reduced percentage of monocytes produced IL-1p,
TNFo or IL-12 after the in vitro LPS stimulus. At t = 6h, this LPS-hyporesponsiveness could dose-
dependently be inhibited by RWJ-67657 treatment of the volunteers. We therefore conclude that p38
MAP kinase inhibition with RWJ-67657 inhibited monocyte production of cytokines following in vivo
LPS injection. Treatment with RWJ-67657 also reversed the LPS-hyporesponsiveness. Whether
this result can be extended to the clinical situation remains to be elucidated. Patients with sepsis or an

otherwise high risk for multi-organ failure are potential study groups.
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INTRODUCTION

Septic shock is a leading cause of acute hospital admissions and,
in addition, often complicates the clinical course of patients hos-
pitalized for other reasons. It is an inflammatory response of the
immune system to a bacterial infection [1]; the inflammatory
response is initiated by bacterial toxins, such as LPS, which acti-
vates monocytes to release large amounts of pro-inflammatory
cytokines [1]. Recently, however, it has become evident that the
pro-inflammatory response is followed by a counter-regulatory
anti-inflammatory response, which may be intended to prevent
unnecessary tissue destruction from uncontrolled inflammation
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[1]. However, this anti-inflammatory response induces a state of
immunological anergy, with an increased risk of secondary infec-
tions [1]. Intravenous injection of LPS into healthy human sub-
jects not only induces the cascade of inflammatory pathways [1],
but also initiates a temporary refractory state, referred to as LPS-
hyporesponsiveness [2,3]. Intravenous LPS injection therefore
can be used as a model for the study into the pro- and anti-
inflammatory responses in sepsis.

The inflammatory cascade after intravenous LPS injection is
initiated by LPS-induced production of pro-inflammatory
cytokines by monocytes, such as the cytokine TNFa. TNF« is
considered the most important mediator initiating the septic
response. Next to TNFa, monocytes also produce other pro-
inflammatory mediators, such as IL-1f, IL-12, IL-6 and reactive
oxygen species, thereby amplifying the pro-inflammatory
response [4]. This LPS-induced monocyte activation is mediated
through the cell-surface receptors CD14 and Toll-like receptor 4
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(TRL4) [5,6]. The mechanism by which CD14 and TRL4 transmits
a stimulatory response is still not exactly known. It has, however,
been shown that the p38 MAP kinase is activated upon LPS
binding to CD14 [7]. The MAP kinases are an important group
of serine/threonine signalling kinases that, by modulating phos-
phorylation and hence, the activation status of transcription
factors, link transmembrane signalling with gene induction events
in the nucleus. P38 MAP kinase is involved in the LPS-induced
production of TNFe, IL-1f and IL-12 [8-10].

LPS-hyporesponsiveness is a state of immunological hypore-
sponsiveness to LPS, a phenomenon in which monocytes/
macrophages play a central role [11]. This LPS-hyporesponsive-
ness is characterized by decreased monocyte production of
cytokines, such as TNFo and IL-18 [2] upon a second LPS chal-
lenge. Although this phenomenon has been extensively studied
both in vitro and in vivo in various animal species and cell types
[12-14], the cellular and molecular changes that contribute to it
are not fully understood. Since the p38 MAP kinase is involved
in cytokine production following LPS activation, the present
study was designed to investigate (i) whether a p38 MAP kinase
inhibitor (RWJ-67657) suppressed monocyte cytokine production
after an in vivo LPS injection, and (ii) whether this p38 MAP
kinase inhibitor affected LPS-hyporesponsiveness.

MATERIALS AND METHODS

Subjects

This study was approved by the local Medical Ethics Committee.
After signing informed consent and providing a medical history,
a physical, haematological and biochemical examination was
carried out on a random selection of 10 healthy male volunteers
who were then admitted to the research unit of our Intensive Care
Unit for pharmacokinetic and pharmacodynamic studies of RWJ-
67657. Subjects were admitted the evening before medication and
LPS infusion. A radial arterial catheter was placed for blood sam-
pling and continuous monitoring of heart rate and blood pressure.
Thirty minutes before the infusion of LPS, the volunteers received
a single oral dose of RWIJ-67657 (4-[4-(Fluorophenyl)-1-(3-
phenylpropyl)-5-(4-pyrindinyl)-1H-imidazol-2-yl]-3-butyn-1-ol),
supplied in an oral pharmaceutical formulation by R.W. Johnson
Pharmaceutical Research Institute, Bassersdorf, Switzerland).
Three dose levels were tested, placebo-controlled: placebo (n =
2), 1400mg (n = 2), 700mg (n = 3) and 350 mg (n = 3). At time
point t = 0, LPS (E-Coli, batch EC-6, US Pharmacopeia, Twin-
brook Parkway, Rockville, MD, USA) was administered as a 1
min infusion at a dose of 4ng/kg body weight (10 000 LPS
units/mg). Four blood samples were obtained in vacutainers con-
taining sodium heparin: pre-medication (t = 0), and 3, 6 and 24 h
after administration of LPS. Blood samples were immediately
processed as described before [15] and below.

Sample processing

Antibodies. The following monoclonal antibodies were used:
fluorescein isothiocyanate (FITC)-labelled mouse anti-human
CD14 (clone UCHM1;IQ Products, Groningen, The Netherlands);
phycoerythrin (PE)-labelled mouse anti-human TNFa (clone
Mabll; Pharmingen, San Diego, CA); PE-labelled mouse
anti-human IL-1 (clone AS10; Becton Dickinson, San Jose, CA)
and PE-labelled mouse anti-human IL-12 (clone C11-5; Pharmin-
gen); PE-labelled mouse isotype control IgG1 (clone MCG1; 1Q
Products).

Reagents. Monensin (Sigma-Aldrich Chemie, Bv, Zwyn-
drecht, The Netherlands); FACS™ lysing solution (Becton
Dickinson); FACS™ permeabilizing solution (Becton Dick-
inson); complete RPMI 1640 (GIBCO-Invitrage Co., Breda, The
Netherlands) supplemented with 60 ug/ml gentamycin; washing
buffer (phosphate-buffered saline with 0-5% bovine serum
albumin and 0-1% NaN3; fixation buffer (0-5% paraformaldehyde
in phosphate-buffered saline); freezing buffer.

Sample incubation. Immediately after sampling, 1ml
heparinized whole blood was mixed with 1 ml RPMI and stimu-
lated with 2 ug/ml LPS (E-coli, 0-55:B5, Whittaker MA Bioprod-
ucts, Walkersville, MD, USA) (stimulated sample). Heparinized
blood (1 ml) was used as unstimulated control and only mixed
with 1 ml RPMI. In both the stimulated and unstimulated sample,
monensin [16] was added to enable accumulation of the cytokines
in the Golgic omplex by interrupting intracellular transport
processes. Stimulated and unstimulated samples were incubated
in sterile glass tubes for 4h at 37°C and 5% CO..

Sample labelling. After incubation, both stimulated and
unstimulated samples were aliquoted (0-2ml per tube) and 5 ul
anti-CD14 were added to each tube. Tubes were incubated at RT
in the dark for 30 min. Following incubation with 1 ml lysing buffer
for 5min in the dark, tubes were centrifuged and aspirated. Cells
were then washed with 2ml washing buffer, after which 0-2ml
freezing buffer was added to each tube. Tubes were frozen at—80°C.

All tubes (from t=0,t=3,t=6and t =24h) from one subject
were thawed on the same day. After thawing, and two washes, the
remaining pellets were resuspended in 0-5ml permeabilizing
buffer and incubated in the dark for 10 min. Then, cells were
washed with ice-cold washing buffer. After aspiration, stimulated
and unstimulated aliquots were incubated for 30 min in the dark
at RT with either anti-TNFe, anti-IL-18, anti-IL-12 or isotype
control at saturating dilutions. After washing with washing buffer,
cells were fixed with fixation buffer and kept at 4°C in the dark
until measured (within 24 h).

Flow cytometry. Cells were analysed using the Coulter Epics
flow cytometer (Argon-ion 488 nm laser, Beckmann Coulter Inc.,
Miami FL, USA). Two thousand monocytes were acquired while
life-gating on monocytes using the CD14 positive cell signal and
saved for later analysis. Data analysis was performed using
Winlist32 (Verity softwarhouse Inc., Topsham, ME, USA).

Analysis. During analysis, a gate was set on CD14-positive
monocytes. A single parameter fluorescence histogram for the
monocytes was defined for evaluation of intracellular cytokine
production.

Experiment 1: Intracellular cytokine production in human
experimental endotoxaemia

Since our unstimulated samples were incubated without stimula-
tion, these samples reflect monocyte cytokine production, which
is due to in vivo stimulation. These samples can thus be used for
evaluation of intracellular cytokine production following in vivo
LPS injection. To evaluate intracellular cytokine production fol-
lowing in vivo LPS stimulation, and to evaluate the effect of the
p38 MAP kinase inhibitor, for each individual the unstimulated
sample at t = 0 was used as the unstimulated control. Thus, for
each cytokine, the unstimulated sample at t = 0 was used to set a
gate in the histogram, so that at least 9% of the monocytes in
this sample were negative for cytokine production. This gate-
setting was then used in the histograms of the samples taken at 3,
6 and 24 h after in vivo LPS injection, and resulted in the per-
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centage of cytokine-producing monocytes at 3, 6 and 24 h after
LPS injection.

Experiment 2: Intracellular cytokine production after in vitro
LPS stimulation of monocytes during human endotoxaemia
For evaluation of cytokine production in volunteers injected in
vivo with LPS followed by in vitro LPS stimulation, and for eval-
uation of the effect of the p38 MAP kinase inhibitor on this stim-
ulation, samples that were not stimulated in vitro were compared
with the samples taken at the same time but stimulated in vitro
with LPS. Thus, using the unstimulated sample, a gate was set in
the histogram so that at least 99% of the cells in this sample were
negative for cytokine production. This gate-setting was then used
in the corresponding stimulated sample, which resulted in a per-
centage of cytokine-producing monocytes in the stimulated
samples.

Statistics

Results are expressed as mean + s.e.m. In experiment 2, results
are expressed relative to the pre-infusion value. The effect of
RWIJ-67657 in both experiment 1 and experiment 2 was evaluated
using linear regression (least sum of squares method). R? and the
slope were calculated, and whether the slope was significantly
different from 0 was tested. The slope was considered to be
different from 0 if P < 0-05.

RESULTS

Experiment 1: The percentage of intracellular cytokine-
producing monocytes in human experimental endotoxaemia;
effect of p38 MAP kinase inhibitor

In this experiment, we first evaluated the intracellular cytokine
production of monocytes from the two healthy human volunteers,
who were not treated with the p38 MAP kinase inhibitor, after an
in vivo LPS injection (n = 2). Thus, intracellular cytokine pro-
duction of monocytes was measured at t = 0 (before LPS) and
at 3, 6 and 24h after LPS injection. An in vivo injection of
LPS resulted in an increased percentage of circulating monocytes
producing IL-1f, IL-12 and TNFe« at 3h after the LPS injection
compared with numbers before the injection (Fig. 1). No effect
of the LPS injection on percentage of monocytes producing
cytokines was observed 6 or 24 h after the LPS injection.

In the second part of this experiment, the effect of the p38
MAP kinase inhibitor on this intracellular cytokine production of
monocytes was evaluated. Since an effect of LPS on intracellular
cytokine production of monocytes was only observed at 3 h after
in vivo LPS injection, an effect of the p38 MAP kinase inhibitor
could also only be observed at this interval. Figure2 shows the
percentage of monocytes producing intracellular IL-1, IL-12 and
TNFa 3h after LPS injection for untreated subjects or subjects
treated with 350, 700 or 1400 mg p38 MAP kinase inhibitor. It can
be seen from this figure that treatment with p38 MAP kinase
inhibitor decreased the percentage of monocytes producing
IL-18, TNFa or IL-12 after an intravenous LPS injection in a
dose-dependent way.

Experiment 2: Intracellular cytokine production after in vitro
LPS stimulation of monocytes during human endotoxaemia:
effect of p38 MAP kinase inhibitor

This experiment was designed to evaluate whether monocytes
from subjects injected in vivo with LPS showed LPS-
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Fig. 1. The percentage of circulating monocytes producing IL-15, TNFor
or IL-12 before, and at 3, 6 and 24 h after the injection of LPS (4 ng/kg
body weight) of the two control individuals not treated with RWJ-67657.
Each line represents an individual, open symbols for one individual, closed
symbols for the other individual. (CI,H) IL-1; (O,®) TNFe; (A,A) IL-12.

hyporesponsiveness on an in vitro LPS challenge, as well as to
evaluate the effect of the p38 MAP kinase inhibitor on LPS-
hyporesponsiveness.

As can be seen from Fig. 3, LPS-hyporesponsiveness was most
prominent 3 and 6 h after in vivo LPS injection; at these intervals,
a second in vitro LPS challenge resulted in a reduced percentage
of monocytes producing intracellular IL-18, IL-12 or TNFo com-
pared with the percentage of monocytes producing these intra-
cellular cytokines after in vitro LPS challenge at t = 0 (i.e. before
the subjects received in vivo LPS injection). Twenty-four hours
after in vivo LPS, the percentage of monocytes producing IL-12
after the in vitro LPS challenge appeared to have returned to
normal. However, the percentage of monocytes producing IL-1f3
or TNF ¢ is still decreased compared with the production before
the in vivo LPS challenge.

The effect of the p38 MAP kinase inhibitor on LPS-
hyporesponsiveness was only apparent at 6 and 24 h after in vivo
LPS injection; at t = 3h, no significant effect of the p38 MAP
kinase inhibitor was observed on the percentage of monocytes
producing cytokines after in vitro LPS challenge (results not
shown).

Figure 4 shows the effect of RWJ-67657 on cytokine produc-
tion following a second in vitro LPS stimulus 6 and 24 h after in
vivo LPS injection. For IL-1f (Fig. 4a,d), at 6 and 24 h after in
vivo LPS injection, percentages of monocytes producing IL-13
were significantly and dose-dependently increased after the in
vitro LPS challenge in volunteers that were treated with the p38
MAP kinase inhibitor; the percentage of IL-1j-producing mono-
cytes returned to normal values, i.e. pre-infusion values with
increasing doses of p38 MAP kinase inhibitor.

The results for TNFo are shown in Fig. 4b,c. At 6h after the
in vivo LPS injection, the percentage of TNFa-producing mono-
cytes after in vitro LPS challenge was also dose-dependently
affected by treatment of the volunteers with the p38 MAP kinase
inhibitor; the percentage of TNFa-producing monocytes returned
to normal values (pre-infusion values) after treatment with 1400
mg of the p38 MAP kinase inhibitor. Also at 24h after in vivo
LPS injection, the percentage of TNFo-producing monocytes
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Fig. 2. Percentage of IL-1f3 (a), TNFa (b) and IL-12 (c) producing mono-
cytes of individuals with (350, 700 or 1400 mg) or without treatment with
RWIJ-67657. The line represents the regression line. Each square repre-
sents an individual. The P-value is given when the slope of the regression
line significantly differs from 0.

after the in vitro LPS challenge was affected by the p38 MAP
kinase inhibitor. However, the effect was not dose dependent at
the doses tested; even after treatment with 350 mg p38 MAP
kinase inhibitor, the effect was maximal, i.e. the percentage of
TNFo~producing monocytes after the in vitro LPS challenge had
returned to pre-infusion values.

Interesting results were found for IL-12. Although the per-
centage of monocytes producing IL-12 after the in vitro LPS
challenge 6 or 24 h after in vivo LPS injection was also dose-
dependently affected by the p38 MAP kinase inhibitor (Fig. 4c,f),
after treatment with 700 mg, and especially after treatment with
1400mg of the inhibitor, the percentage of IL-12-producing
monocytes was increased to values exceeding the control value,
i.e. the value before injection of LPS or p38 MAP kinase inhibitor,
by about 300-400%.
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Fig.3. The effect of a second in vitro LPS challenge on percentage
of monocytes producing IL-153, TNFo or IL-12, before, and 3, 6 and 24h
following LPS injection in the two control individuals not treated with
RWJ-67657. Results are expressed relative to the value before injection
of LPS (t = 0). Each line represents an individual, open symbols for one
individual, closed symbols for the other individual. (C,H) IL-15; (O,®)
TNFeo; (A,A) IL-12.

DISCUSSION

In the present study, we investigated the effect of a p38 MAP
kinase inhibitor on intracellular cytokine production of mono-
cytes from healthy male volunteers injected with a low dose LPS,
as well as the effect of this inhibitor on LPS-hyporesponsiveness.
Whole blood rather than isolated cells of the healthy volunteers
was stimulated, since the whole blood system is considered to
mimic in vivo conditions best, with cytokines and other soluble
factors being present that are able to influence cytokine produc-
tion [17]. We measured intracellular cytokine production of
TNFe, IL-1f and TL-12 using flow cytometry, which enabled us to
detect cytokine production at the single cell level. TNFa and IL-
1B were chosen for their central role in the induction of the LPS
effect [4]; IL-12 was chosen for its role in providing a link between
innate immunity and adaptive immunity: IL-12 produced by
monocytes in response to LPS is a powerful factor for generation
of a Thl-type immune response [18].

Using this method, 3 h after an in vivo injection of low dose
LPS into healthy male volunteers, we were able to detect circu-
lating monocytes that were producing IL-13, TNFarand IL-12. As
far as TNFo is concerned, this is in line with the previous obser-
vation from a similar study in our laboratory showing that plasma
TNFq is increased after an in vivo LPS challenge [19]. Previous
observations from our laboratory [20] and from others [21-23]
had shown that plasma IL-1 after an in vivo LPS injection was
undetectable and therefore, we did not measure plasma IL-18 in
this study. Neither, unfortunately, did we measure plasma IL-12.
However, it has been shown that the present dose of LPS does
not increase plasma IL-12 levels [24].

Pre-infusion treatment with the p38 MAP kinase inhibitor
significantly and dose-dependently decreased the percentage of
monocytes that were positive for intracellular TNFe, IL-1f or IL-
12, indicating that the p38 MAP kinase inhibitor does indeed
inhibit monocyte cytokine production following LPS injection.
This is consistent with the report from our laboratory, described
above, in which we evaluated the effect of the p38 MAP kinase
inhibitor on plasma cytokines and clinical responses to LPS [20].
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It was shown that the plasma concentration of TNF¢ following in
vivo LPS injection was significantly, dose-dependently decreased
following treatment with the p38 MAP kinase inhibitor. The
present results are also consistent with in vitro experiments
showing inhibition of cytokine production by LPS-stimulated
monocytes/macrophages following treatment with a p38 MAP
kinase inhibitor [7,9].

The present study also shows an effect of RWJ-67657 on LPS-
hyporesponsiveness. It was shown that 3, 6 and 24 h after in vivo
LPS injection in healthy males, the percentages of cytokine-
producing monocytes after a second, in vitro LPS challenge were
decreased compared with the percentages of cytokine-producing
monocytes upon an in vitro LPS in the blood sample taken before
the in vivo LPS. Despite the number of studies evaluating LPS-
hyporesponsiveness of monocytes [2,25,26], to our knowledge this
is the first study to evaluate LPS-hyporesponsive monocytes using
intracellular cytokine production measured by flow cytometry.
The present data indicate that LPS-induced LPS-hyporespon-
siveness is due to a decrease in percentage of monocytes capable
of responding to the second LPS challenge. This decreased
percentage of monocytes responding to LPS may then lead to
decreased overall cytokine production following a second LPS
challenge.

Although intensive research has been carried out into the
mechanism of LPS-induced LPS-hyporesponsiveness [26-29], the
mechanism still remains largely unknown. It has been suggested,
however, that p38 MAPK is involved in the induction of an
immunosuppressive macrophage phenotype in septic animals
[30]. Kraatz et al. [31] suggested that p38 MAP kinase is unable
to become activated in LPS-hyporesponsive monocytes [31],
i.e. if p38 MAP kinase is activated after the first LPS stimulus,
it cannot be activated following a second stimulus. This may
explain why, after a second LPS stimulus, cytokine production is
decreased.

This may be in line with the present results. We showed that
inhibition of p38 MAP kinase 6 and 24 h after the in vivo LPS
challenge dose-dependently reversed the LPS-induced LPS-
hyporesponsiveness as far as production of IL-13 and TNFa was
concerned. We suppressed p38 MAP kinase during the first LPS
challenge. At the time of the second challenge, this p38 MAP
kinase had not been activated before and could respond to LPS
normally (depending on the dose of RWJ-67657 used), resulting
in normal cytokine production. Our results may thus agree with
the suggestion of Kraatz et al. [31] that, once p38 MAP kinase has
been activated by LPS activation, it cannot be activated by a
second LPS challenge. This suggestion implies that at 6 and 24h
after oral admission of the inhibitor, the inhibitor must have been
released from the p38 MAP kinase; indeed, binding of pyrindinyl
imidazoles to MAP kinases is reversible [32]. The fact that no
effect of the p38 MAP kinase inhibitor was observed 3 h after the
injection of LPS may indicate that at that time, the inhibitor given
in vivo was still bound to p38 MAP kinase during the in vitro LPS
challenge and thus, the p38 MAP kinase was still inhibited,
leading to decreased cytokine production.

Interestingly, the p38 MAP kinase inhibitor not only reversed
the effect of the second LPS stimulus on IL-12 production by
monocytes, it even increased the percentage of IL-12-producing
monocytes after the (second) in vitro LPS challenge compared
with the effect of the in vitro LPS challenge on monocytes from
volunteers before the in vivo LPS injection. This increase in per-
centage IL-12-producing monocytes would suggest that inhibition

of p38 MAP kinase during human endotoxaemia would shift
the specific immune response towards a Thl-type response and
may thus restore the reduced Thl-type response seen in human
endotoxaemia [33]. The mechanism of increased percentage of
IL-12-producing monocytes following a second LPS challenge in
volunteers treated with RWJ-67657 remains unclear from the
present study.

The LPS-induced state of transient hyporesponsiveness to
subsequent stimulation with LPS may, on the one hand, be ben-
eficial by protecting the host from developing a shock syndrome
caused by hyperactivation of monocytes and macrophages when
bacteria and LPS persist. On the other hand, it has also been sug-
gested that suppressed production of cytokines associated with
this LPS-hyporesponsiveness may render a survivor of sepsis sus-
ceptible to secondary infections. The fact, therefore, that the p38
MAP kinase inhibitor, RWJ-67657, reversed the LPS-induced
LPS-hyporesponsiveness may or may not make it a potential drug
in the treatment of sepsis. There may be, however, other appli-
cations for this drug. Cardiac operations with cardiopulmonary
bypass cause a systemic inflammatory response which can lead to
organ failure and post-operative morbidity. To overcome this
problem, patients are treated pre-operatively with corticosteroids.
This, however, results in susceptibility to infections post-
operatively [34]. RWJ-67657 may be useful in these situations;
given pre-operatively, it inhibits the inflammatory reaction
peri-operatively. Moreover, since it also inhibits LPS-
hyporesponsiveness, it may render patients less sensitive to
post-operative infections. This remains to be investigated.
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