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p38 MAP kinase and MKK-1 co-operate in the generation of
GM-CSF from LPS-stimulated human monocytes by an

NF-xB-independent mechanism
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'Mark A. Lindsay & *'Mark A. Giembycz
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1 The extent to which the p38 mitogen-activated protein (MAP) kinase and MAP kinase kinase
(MKK)-1-signalling pathways regulate the expression of granulocyte/macrophage colony-stimulating
factor (GM-CSF) from LPS-stimulated human monocytes has been investigated and compared to
the well studied cytokine tumour necrosis factor-o (TNFo).

2 Lipopolysaccharide (LPS) evoked a concentration-dependent generation of GM-CSF from
human monocytes. Temporally, this effect was preceded by an increase in GM-CSF mRNA
transcripts and abolished by actinomycin D and cycloheximide.

3 LPS-induced GM-CSF release and mRNA expression were associated with a rapid and time-
dependent activation of p38 MAP kinase, ERK-1 and ERK-2.

4 The respective MKK-1 and p38 MAP kinase inhibitors, PD 098059 and SB 203580, maximally
suppressed LPS-induced GM-CSF generation by >90%, indicating that both of these signalling
cascades co-operate in the generation of this cytokine.

5 Electrophoretic mobility shift assays demonstrated that LPS increased nuclear factor kB (NF-
kB):DNA binding. SN50, an inhibitor of NF-kB translocation, abolished LPS-induced NF-
kB :DNA binding and the elaboration of TNFa, a cytokine known to be regulated by NF-«B in
monocytes. In contrast, SN50 failed to affect the release of GM-CSF from the same monocyte
cultures.

6 Collectively, these results suggest that the generation of GM-CSF by LPS-stimulated human
monocytes is regulated in a co-operative fashion by p38 MAP kinase- and MKK-1-dependent

signalling pathways independently of the activation of NF-«xB.
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Introduction

Granulocyte/macrophage colony-stimulating factor (GM-
CSF) is a variably glycosylated cytokine produced by many
cells including those of the human monocyte/macrophage
lineage (Blanchard et al., 1991; Sallerfors & Olofsson, 1992).
GM-CSF is implicated in a number of respiratory diseases
including asthma (Broide et al., 1991; 1992a,b; Brown et al.,
1991; Davies et al., 1995; Hallsworth et al., 1994; Lai et al.,
1996; Lei et al., 1998; Nakamura et al., 1993; Sousa et al.,
1993; Till et al., 1995; Woolley et al., 1995; Xing et al.,
1996) where it is a potent pro-inflammatory stimulus. In
particular, GM-CSF enhances the survival of human
neutrophils and eosinophils (Brach et al., 1992; Lopez et
al., 1986) in culture by inhibiting apoptosis, and is believed
to be the main cytokine responsible for prolonging
eosinophil longevity in the airways of asthmatic subjects
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(Park et al., 1998). Other pro-inflammatory effects attributed
to GM-CSF include its ability to augment leukotriene Cy4
and superoxide anion generation from eosinophils (Silber-
stein et al., 1986), promote the synthesis of cytokines from
monocytes, including tumour necrosis factor-o (TNFx) and
interleukin (IL)-1f, and stimulate non-haematopoietic cells,
such as endothelial cells, to migrate and proliferate
(Bussolino et al., 1989). Increased expression of GM-CSF
has been detected in epithelial cells from bronchial biopsies
and within the bronchoalveolar lavage (BAL) fluid of
patients with asthma; indeed the number of GM-CSF* T-
lymphocytes, eosinophils and monocytes in the BAL fluid of
asthmatic subjects after allergen provocation is elevated
when compared to normal individuals (Broide et al., 1991;
1992a,b; Davies et al., 1995; Hallsworth et al., 1994;
Sousa et al., 1993; Woolley et al., 1995). These data are
consistent with the finding that the circulating concentration
of GM-CSF is increased in subjects with acute severe
asthma (Brown et al., 1991), and that peripheral blood
monocytes (Nakamura et al., 1993) and T-lymphocytes (Lai
et al., 1996; Till et al., 1995) secrete more GM-CSF than
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cells from normal subjects. In addition intrapulmonary
transfer of the GM-CSF gene to rats leads to eosinophilia
and monocytosis that is associated with irreversible fibrosis
indicating a role in airway remodelling (Xing et al., 1996).
In mice, this procedure contributes to the development of
airways inflammation by prolonging leukocyte infiltration
induced by IL-4 and IL-5 (Lei et al., 1998).

The possible contribution of GM-CSF to the pathogenesis
of mucosal inflammation that characterizes asthma and other
respiratory diseases provides a compelling rationale for
targeting the generation and/or release of this cytokine with
small molecule inhibitors. However, relatively little is known
of the signalling pathways that control the expression of GM-
CSF when compared to other pro-inflammatory genes such
as TNFo, IL-14, IL-6 and IL-8. GM-CSF expression can be
controlled by both transcriptional and post-transcriptional
mechanisms, in a cell type-specific manner. In T-lymphocytes,
GM-CSF generation requires new protein synthesis (Bohja-
nen et al., 1990) whereas in murine peritoneal macrophages
cycloheximide fails to suppress the elaboration of GM-CSF
(Thorens et al., 1987) indicating that post-transcriptional
mechanisms dominate the expression of this cytokine.
Transcriptional regulation of the GM-CSF gene in T-
lymphocytes and probably other cells is complex with the
proximal promoter featuring several functional units, each
expressing binding domains for several transcription factors
(Shannon et al., 1997). The major inducible forms identified
to date are the nuclear factor-kB (NF-xB) and activator
protein-1 (AP-1) families of transcription factors (Jenkins et
al., 1995; Kolenko et al., 1999; Miyatake et al., 1991; Schreck
& Baeuerle, 1990; Tsuboi et al., 1991). An enhancer element
has also been identified 3 kb upstream of the proximal
promoter and binds the transcription factors NF-AT and AP-
1 (Shannon et al., 1997).

The cell-specific control of cytokine gene expression is also
reflected by differences in the relative importance of upstream
regulatory elements, including the MAP kinase signalling
cascades. Thus, TNFo production in T-lymphocytes is only
partially dependent on activation of p38 MAP kinase
(Hoffmeyer et al., 1999; Schafer et al, 1999), unlike
lipopolysaccharide (LPS)-stimulated monocytes in which this
enzyme and its proximal substrates play a more dominant
role (Schafer et al., 1999). Collectively, therefore, these data
indicate that it may be misleading to extrapolate mechanisms
that regulate the expression of a specific gene across cell
types.

In human monocytes, LPS promotes the phosphorylation
of extracellular signal-regulated kinase (ERK)-1, ERK-2, p38
mitogen-activated protein (MAP) kinase and c-jun N-
terminal kinase (JNK) (Dean et al., 1999; Foey et al., 1998;
Liu et al., 1994; Scherle et al., 1998; Solomon et al., 1998)
and activates the transcription factor, NF-xB (Frankenberger
et al., 1994; Haas et al., 1990; Wang et al., 1995), but the
extent to which any of these effects contribute to the
generation of GM-CSF is unexplored. In this paper, we
describe experiments designed to assess the role of the MKK-
1 and p38 MAP kinase signalling cascades in LPS-induced
GM-CSF generation from human peripheral blood mono-
cytes and to determine if NF-xB is involved. In a limited
number of experiments, TNFxz was also measured as a
positive control, since it is known that the expression of this
cytokine is regulated, at least in part, by p38 MAP kinase
(Lee et al., 1994; Schafer et al., 1999), MKK-1 (Scherle et al.,
1998; van der Bruggen et al., 1999) and NF-kB (Cordle et al.,
1993; Mackman et al., 1991; Muller et al., 1993; Vincenti et
al., 1992; Ziegler-Heitbrock et al., 1993).

Methods
Isolation and purification of human mononuclear cells

Blood was collected from normal healthy individuals by ante-
cubital venepuncture into acid citrate dextrose (in mM:
disodium citrate 160, glucose 110 — pH 7.4) and mixed with
6% (w v~') Hespan to sediment erythrocytes. After standing
at room temperature for 90 min, the leukocyte-rich plasma
was removed and centrifuged at 312 x g for 7 min. The cell
pellet was resuspended in 7 ml of buffer A (in mm: KH,PO,
5, KbHPO, 5, NaCl 110 — pH 7.4) made 50% (v v—') with
Percoll and layered over a discontinuous Percoll density
gradient (63 and 73% v v~') in buffer A. Mononuclear cells
were separated from the polymorphonuclear population by
centrifugation at 1200 xg for 25 min at 18°C and were
recovered from the 50/63% (v v—') Percoll interface.

Mononuclear cells were washed three-times in Ca?*/Mg?*-
free HBSS and suspended in Ca®"/Mg®"-free HBSS at a
concentration of 10° cells ml~'. Cells (5 x 10°) were added to
24 well culture plates (Greiner Labortecnik Ltd, Dursley,
Gloucestershire, U.K.) containing 500 ul Dutch-modified
RPMI 1640 (RPMI 1640 supplemented with 10% FCS,
2 mM L-glutamine, 100 units ml~' penicillin and 100 pug ml~'
streptomycin) and allowed to adhere to the plastic for 90 min
at 37°C in a humidified incubator under a 5% CO,
atmosphere. The purity of the adherent cell population was
routinely >90%. Plates were agitated, non-adherent cells
decanted and the resulting monocytes were cultured for
various time (see text and Figure legends for details) in 1 ml
supplemented Dutch-modified RMPI 1640 in the absence and
presence of the drugs under investigation.

Measurement of GM-CSF and TNFu

The concentration of GM-CSF and TNFu« released by LPS-
stimulated monocytes into the culture supernatant was
measured by immunospecific ELISAs as described previously
(Seldon et al., 1998). The detection limit of the GM-CSF and
TNFo assays is 16 and 8 pg ml~' respectively.

Assessment of monocyte viability

Cell respiration, an index of viability, was assessed in vehicle-
and drug-treated monocytes by measuring the mitochondria-
dependent reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyl tetrazolium bromide (MTT) to formazan as described in
Hirst et al. (1992).

Western immunoblot analysis

The phosphorylation state of p38 MAP kinase, ERK-1, ERK-
2 and ATF-2 was assessed by Western immunoblot analysis
using antibodies that recognize the activated form of the
enzymes. Monocytes were lysed in buffer B (20 mM Tris base
- pH74, 1% vv~' Triton X-100, 0.5% wv~' Na-
deoxycholate, 0.1% w v—! SDS, 50 mM NaCl, 5 mm EDTA)
supplemented with PMSF (500 uMm), Na-orthovanadate
(2 mMm), leupeptin (10 ug ml—"), aprotinin (25 ug ml~"), pep-
statin (10 ug ml~'), NaF (1.25 mM) and Na-pyrophosphate
(1 mMm). Insoluble protein was removed by centrifugation at
12,000 x g for 5 min and aliquots of the resulting supernatant
were diluted 1:4 in Laemelli buffer (62.5 mM Tris-HCI —
pH 6.8, 10% v v~' glycerol, 1% wv~' SDS, 1% vv~!
p-mercaptoethanol, 0.01% v v~! bromophenol blue) and
boiled for 5 min. Denatured proteins (20—60 pug) were
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subsequently separated by SDS—PAGE upon 10% vertical
slab gels and transferred to Hybond ECL membranes
(Amersham) in buffer C (Tris base 50 mM — pH 8.3, glycine
192 mMm, 20% v v~' methanol). The nitrocellulose was
incubated for 1 h in buffer D (25 mM Tris-base — pH 7.4,
150 mMm NaCl, 0.1% v v—' Tween 20, 5% w v~ ! non-fat dry
milk) and incubated overnight in buffer D containing 5%
w v~! BSA and the relevant primary antibody. After washing
in buffer D, membranes were incubated for 90 min with a
donkey anti-rabbit peroxidase-conjugated IgG antibody
(Amersham) diluted 1:5000 in buffer D and then washed
again. Antibody-labelled proteins were visualized by ECL and
relevant bands were quantified by laser-scanning densitometry.

Semi-quantitative RT— PCR

Total RNA was extracted from 4 x 10° adherent monocytes
using a Qiagen RNeasy mini kit according to the manufac-
turer’s instructions and up to 1 ug was treated with DNasel
to remove contaminating genomic DNA. Five hundred
nanograms of RNA were reverse transcribed in a total
volume of 20 ul in 50 mM Tris-HCI (pH 8.3; 25°C) containing
10 mM MgCl,, 500 uM spermidine, 10 mm DTT, 9 U AMV
Reverse Transcriptase, 40 U RNase inhibitor, 0.5 ug random
hexamers (Pharmacia, Uppsala, Sweden) and 1 mM deoxy-
nucleotides. A RT-generated cDNA encoding the GM-CSF
gene was amplified by PCR using specific primers designed
from the reported primary sequences (Table 1) deposited with
the GenBank database. To confirm the integrity of RNA and
equal loading of sample, RT—PCR analysis of the GAPDH
gene was routinely performed using primers synthesized from
the sequence described in Maier et al. (1990). PCR
amplification was conducted in a reaction volume of 25 ul
using a Hybaid OmniGene thermal cycler (Hybaid, Tedding-
ton, Middlesex, U.K.) and 0.5 U Tag polymerase set for 25
(GAPDH) or 28 (GM-CSF) cycles at a denaturing
temperature of 94°C for 30 s, specific annealing temperature
(Table 1) and an extension temperature of 72°C for 30 s. The
number of cycles was that necessary to achieve exponential
amplification where product is proportional to starting
cDNA. This parameter was determined empirically by
performing PCR on an ‘average’ cDNA sample by combining
cDNA from all samples within one experiment. PCR
products were subsequently size-fractionated on 2% agar-
ose/TAE gels, stained with ethidium bromide and visualized
under UV light. To confirm identity with the published
cDNA-sequence, the GM-CSF and GAPDH amplification
products were cloned in to pGEMS5z"-vectors (Promega,
Southampton, U.K.) and double-stranded sequencing was
performed using the T7 Sequenase 2.0 system (Amersham).
After agarose gel electrophoresis, Southern blotting and
hybridization were performed to confirm the identity of PCR
products and to check for possible genomic contamination.
To quantify product formation, aliquots of the PCR-product
(5 ul) were ‘dot-blotted” and hybridized with the appropriate

Table 1 Primers and conditions used in RT—PCR experiments

radiolabelled cloned cDNA. After washing at high stringency
the radioactivity associated with each ‘dot-blot” was
determined by Cérenkov counting. GM-CSF transcripts are
expressed as ratio to GAPDH and relative values plotted as
means +s.e.mean.

Electrophoretic mobility shift assays

Nuclear proteins were prepared according to Osborn et al.,
(1989) and used in binding reactions (25 ul total volume)
containing 10 mm Tris HCl — pH 7.5, 4% v v~' glycerol,
1 mM MgCl,, 500 uM EDTA, 1 mMm DTT, 50 mM NaCl and
80 ug ml~' microwaved salmon sperm DNA. After incuba-
tion on ice for 10 min, 0.0175 pmol [**P]-kinase-labelled
double-stranded oligonucleotide probe was added. Consensus
NF-xB probe containing the decameric NF-xB site (under-
lined), was 5-AGT TGA GGG GAC TTT CCC AGG-3
(sense strand). Binding reactions were performed on ice for
40 min and complexes were separated on 7% native
acrylamide gels before drying and autoradiography. The
specificity of NF-xB:DNA binding was assessed by adding a
100-fold excess of an unlabelled competitor consensus
oligonucleotide prior to the probe. For supershift assays,
nuclear extracts were incubated on ice for 2 h with antisera
raised against the p50 and p65 subunits of NF-xB at
4 ug ml~!, before the addition of radiolabelled oligonucleo-
tide. Data were quantified by laser-scanning densitometry.

Drugs and analytical reagents

Percoll was obtained from Pharmacia/LKB (Milton Keynes,
Buckinghamshire, U.K.), and LPS (from Salmonella enter-
itidis), FCS (F-9665; lot no. 48H3379), RPMI 1640 (R-7638),
HBSS (H-6648), L-Glutamine (G-7513), penicillin/streptomy-
cin (P-0781) and MMT were from the Sigma Chemical
Company (Poole, Dorset, U.K.). ECL Western blotting
reagents and Rainbow® protein molecular weight markers
were from Amersham International (Amersham, Bucking-
hamshire, U.K.). Anti-human p50 (codes sc¢7178, sc114X), p65
(codes sc109, sc109X) and actin (code scl615) polyclonal
antibodies, and horseradish peroxidase-conjugated secondary
anti-rabbit antibodies were from Santa Cruz Biotechnology
(London, U.K.). PhosphoPlus p38 MAP kinase (Thr180/
Tyr182), ERK-1/ERK-2 (Thr202/Tyr204) antibody kits and
anti-pATF-2 were purchased from New England Biolabs
(Beverly, MA, U.S.A)). PD 098059, SN50/SN50-M, SB
203580 and RWJ 67657 were from Calbiochem-Novobiochem
(Nottingham, U.K.), Alexis Corporation (Latifelfingen, Swit-
zerland), SmithKline-Beecham (King of Prussia, PA, U.S.A.)
and R.W. Johnson Pharmaceutical Research Institute (Rar-
itan, New Jersey, U.S.A.) respectively. The consensus NF-xB
probe was from Promega (Southampton, U.K.). All other
reagents were from BDH (Poole, Dorset, U.K.).

All cell culture reagents with the exception of FCS were
endotoxin-free according to details provided by the manu-

GenBank
Gene accession
product  number  Deoxyoligonucleotide sequences

GM-CSF  P04141

Forward: 5-CCA-TTC-TTC-TGC-CAT-GCC-TG-3'

Co-ordinates of
PCR product in Product size
human ¢cDNA sequence (base pairs)

Annealing
temperature

116 to 615 500 58° for 30 s

Reverse: 5-ATG-TTT-GAC-CTC-CAG-GAG-CCG-3'

GAPDH  J04038

Forward: 5-TCT AGA CGG CAG GTC AGG TCC ACC-3'

146 to 743 598 65° for 30 s

Reverse: 5'-CCA CCC ATG GCA AAT TCC ATG GCA-3'
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facturer. The concentration of endotoxin in the FCS (10%
v v~!) that was used in all experiments was 52 pg ml~'. All
drugs were dissolved at a stock concentration of 100 mM in
DMSO (PD 098059, SB 203580, RWJ 67657) or RPMI 1640
(SN50, SN50-M) and diluted to the desired-working
concentration in RPMI 1640. In none of the experiments
did the solvent (always <0.1% v v~') significantly modify
cytokine release, EMSAs or Western immunoblot analyses.

Data and statistical analyses

Data are expressed as the mean +s.e.mean of ‘»’ independent
determinations. Concentration-response curves were analysed
by least-squares, non-linear iterative regression with the
‘PRISM’ curve-fitting program (GraphPad Software Inc,
San Diego, U.S.A.) and log transformed ECsy/ICs, values
were interpolated from curves of best-fit. When statistical
evaluation was required, data were analysed by Student’s -
test for paired data or by one-way ANOVA/Newman-Keuls
multiple comparison test. The null hypothesis was rejected
when P<0.05.

Results
Effect of LPS on GM-CSF and TNFo. generation

The basal amount of GM-CSF and TNFu« released by human
monocytes after they had been cultured for 18 h in enriched
RPMI 1640 medium was very low (<100 pgml™') or
normally below the detection limit of the assays. LPS
(3ngml~") evoked a time-dependent generation of GM-
CSF and TNF« from human monocytes (Figure la). In the
case of GM-CSF, there was a lag of approximately 4—6 h
before it was detected in the supernatant. Thereafter, GM-
CSF accumulated steadily and reached a plateau at
approximately 18 h; no further change in the level of GM-
CSF was seen over the remainder (28-30 h) of the
experiment. The t,, for LPS-induced GM-CSF generation
was 14.3+4.4 h. In contrast, TNFa was detected in the
culture supernatant at much earlier time-points (1—2 h) after
exposure of monocytes to LPS, accumulated more rapidly
and peaked after approximately 10 h with a t., (3.5+1.6 h)
that was significantly (P<0.005) shorter than for the
elaboration of GM-CSF. Again, no further change in the
level of TNFoa was seen over the remainder (38 h) of the
experiment (Figure la). Based on these kinetic data,
cytokines were measured in all further experiments 18 h after
stimulation of monocytes with LPS.
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The mean concentration-response relationship that de-
scribed LPS (1 pg ml~! to 100 ng ml~")-induced GM-CSF
generation at 18 h is shown in Figure 1b from which a pECsq of
9.41+0.07 was derived. The potency of LPS was very similar to
its ability to promote the production of the well-studied
cytokine, TNFua (pECs5,=9.99+0.02), although on a weight
basis 4.8 fold more TNFo than GM-CSF was released
(2.6440.28 versus 0.5540.11 ng ml~") from the same mono-
cyte cultures (Figure 1b). Unless stated otherwise, LPS was
used in all further experiments at a concentration of 3 ng ml—',
which equated to the ECy, for cytokine generation.

Effect of LPS on GM-CSF mRNA expression

In the absence of LPS, mRNA transcripts for GM-CSF were
not detected in adherent monocytes by RT—PCR after 28 —30
cycles of amplification. After the addition of LPS (3 ng ml~")
there was a brief lag (~0.5 h) after which GM-CSF mRNA
expression increased rapidly in a time-dependent manner
relative to the ‘house-keeping’ gene GAPDH (Figure 2). The
accumulation of GM-CSF mRNA transcripts peaked at 2 h
after stimulation, remained unchanged up to 12 h and had
returned to near resting levels by 18 h (Figure 2). The t., for the
increase in GM-CSF mRNA was 0.8 +0.4 h and preceded the
appearance of GM-CSF protein by >4 h (Figure 2a).

Effect of cycloheximide and actinomycin D on
GM-CSF release

Exposure of human monocytes to actinomycin D (5 ug ml—;
5 min) and cycloheximide (20 ug ml~'; 20 min), inhibitors of
transcription and translation respectively, prior to the addition
of LPS (3 ng ml~") abolished the release of GM-CSF at 18 h.

Effect of LPS on the phosphorylation status of ERK-1,
ERK-2 and p38 M AP kinase

The time-course of ERK-1, ERK-2 and p38 MAP kinase
activation in LPS-stimulated human monocytes is shown in
Figure 3. In resting monocytes, pERK-1, pERK-2 and pp38
MAP kinase were barely detectable. However, the dual
phosphorylation status of each kinase increased rapidly and
transiently in response to LPS, followed identical kinetics and
temporally preceded the appearance of GM-CSF in the
culture supernatant by 13.5 h. Maximal phosphorylation of
each kinase occurred at 30 min (t.,’s~ 15 min), which then
declined gradually towards the resting level over the
remainder (5.5-7.5 h) of the experiment. Re-probing the
filters for actin confirmed equal loading of protein (Figure 3).
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Figure 1 Time-course and concentration-dependence of LPS-induced GM-CSF and TNFu generation. Adherent monocytes were
cultured in the presence of 3 ng ml~' LPS (a) or 1 pgml~! to 100 ng mI~' LPS (b) and the amount of GM-CSF and TNFx«
released into the culture supernatant was measured at the time-points indicated (a) or at 18 h (b) by sandwich ELISAs. Data points
represent the mean +s.e.mean of four determinations using monocytes from different donors.
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Role of p38 M AP kinase and MKK-1 in LPS-induced
GM-CSF generation

Figure 4a shows the effect of SB 203580 and RWIJ 67657,
inhibitors of the «- and p-isoforms of p38 MAP kinase
(Kumar et al., 1997, Wadsworth et al., 1999), on LPS-
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Figure 2 Time-course of LPS-induced GM-CSF mRNA expression.
Adherent monocytes were cultured in the presence of 3 ng ml~' LPS
and at the appropriate time-points RNA was extracted and 0.5 ug
reverse transcribed to generate cDNAs for GM-CSF and GAPDH
using the primer pairs shown in Table 1. PCR was performed with
reverse transcribed cDNA, the products subjected to electrophoresis
on 2% agarose gels and DNA subsequently visualized after staining
with ethidium bromide. PCR products were quantified by Southern
blotting and standardized against the house-keeping gene GAPDH.
RT-PCR product sizes for GM-CSF and GAPDH were 500 (28
cycles) and 598 bp (24 cycles) respectively. (a) and (b) show the mean
data of four independent experiments and a representative gel (prior
to Southern hybridization) respectively.
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Figure 3 Time-course of LPS-induced ERK-1, ERK-2 and p38
MAP kinase phosphorylation. Adherent monocytes were cultured in
the presence of LPS (3 ng ml~') and pERK-1, pERK-2 and pp38
MAP kinase was determined by Western blotting using antibodies
that recognize the dual phosphorylated form of the enzymes. Equal
loading of sample was confirmed by probing for the ‘house-keeping’
protein, actin. Data are representative of three independent
determinations using monocytes from different donors.

induced GM-CSF production. SB 203580 and RWIJ 67657
inhibited cytokine generation in a concentration-dependent
manner with a potency (plCsy values=7.31+0.13 and
9.56+0.08 respectively) approximately 2.5-times greater than
that required to suppress the production of TNFa (pICs,
values=6.93+0.12 and 9.114+0.08 respectively). Moreover,
SB 203580 at a concentration that abolished the ability of
p38 MAP kinase to phosphorylate the transcription factor
activating transcription factor-2 (ATF-2; Figure 4b), almost
completely inhibited GM-CSF and TNFo generation (Figure
4a).

The MKK-1 inhibitor, PD 098059, which abolished basal
and attenuated LPS-induced dual phosphorylation of ERK-1
and ERK-2 (Figure 5a), also suppressed (80.3+3.6% at
30 uM) GM-CSF release in a concentration-dependent
manner (pICso=5.84+0.17). However, in contrast to pre-
vious investigations where the MKXK-1/2 inhibitors PD
098059, U-0126 and Ro0-09-2210 were used (Scherle er al.,
1998; van der Bruggen et al., 1999), TNFa generation was
only marginally suppressed (36.9+4.1% at 30 uM) under
experimental conditions identical to those used to measure
GM-CSF (Figure 5b).

The effect of SB 203580 and PD 098059 on the
concentration-response relationships that described LPS-
induced GM-CSF generation is shown in Figure 6. In both
cases SB 203580 produced 4—16 fold shift to the right in the
LPS concentration-response curves and an associated reduc-
tion in the maximal response (Figure 6a,b; Table 2). PD
098059 also antagonized GM-CSF generation where the
maximum response was suppressed without any significant
decrease in the LPS ECs, values (Figure 6c; Table 2).
Consistent with the data presented in Figure 5b, PD 098059
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Figure 4 Inhibitory effect of SB 203580 and RWIJ 67657 on LPS-
induced GM-CSF and TNFuo generation and on the phosphorylation
of ATF-2. Adherent monocytes were pre-treated (20 min) with
varying concentrations SB 203580 or RWIJ 67657 as indicated and
exposed to LPS (3 ngml™'). In (a) the amount of GM-CSF and
TNFu released into the culture supernatant at 18 h was measured by
sandwich ELISAs. Data points represent the mean +s.e.mean of six
determinations using monocytes from different donors. In (b) pATF-
2 level was determined after 30 min by Western blotting. Equal
loading of sample was confirmed by probing for actin. The results are
representative of three experiments performed with monocytes from
different donors.
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Figure 5 Effect of PD 098059 on LPS-induced cytokine generation
and ERK-1 and ERK-2 phosphorylation. (a) Adherent monocytes
were pre-treated (20 min) with PD 098059 (0.1, 1 and 10 um) and
exposed to LPS (3 ng ml™") or vehicle. pERK-1 and pERK-2 were
determined after 30 min by Western blotting. Equal loading of
sample was confirmed by probing for the ‘house-keeping’ protein,
actin. The results are representative of three experiments performed
with monocytes from different donors. (b) Adherent monocytes were
pre-treated (20 min) with varying concentrations PD 098059 (10 nm
to 30 um) and exposed to LPS (3 ng ml~!). The amount of GM-CSF
and TNFo released in to the culture supernatant at 18 h was
measured by sandwich ELISAs. Data points represent the mean+
s.e.mean of six determinations using monocytes from different
donors.

(1 uM) was essentially inactive as an inhibitor of TNFu at all
concentrations of LPS studied (Figure 6d). Increasing the
concentration of PD 098059 to 10 uM, which abolished basal
and LPS-induced ERK phosphorylation (Figure 5a), pro-
duced only a modest inhibition (~30% at 3 ng ml~' LPS) of
TNFa release (Figure 6d). Measurement of cell respiration,
monitored by mitochondia-dependent reduction of MTT to
formazan, indicated that SB 203580, RWIJ 67657 and PD
098059 did not affect cell viability at the highest concentra-
tion examined.

Effect of LPS on NF-xB: DNA binding

Consistent with previous investigations where quiescent cells
of the monocyte lineage were studied (Haas et al., 1990;
Frankenberger et al., 1994; Griffin er al., 1989; Kaufman et
al., 1992; Vallejo et al., 2000), a single NF-xB: DNA complex
was always discernible in unstimulated human blood
monocytes (see Figure 7a). LPS enhanced NF-xkB:DNA
binding in a time-dependent manner (data not shown) such
that at 60 min the intensity of the complex had increased 23
fold above the basal level (Figure 7b,d). The induction of the
complex was specific for the NF-xB consensus oligonucleo-
tide, since an excess of unlabelled oligonucleotide competed-
out the labelled probe (data not shown). Moreover, in resting
and LPS-stimulated monocytes, complexes contained both

p50 and p65 subunits of NF-xB, as evinced from the ability
of antisera raised against the amino-terminus and the nuclear
translocation sequence of these proteins respectively to retard
the probe and reduce the intensity of the complex (Figure 7c¢).

Effect of SN50, SN50-M, PD 098059 and SB 203580 on
LPS-induced NF-kxB: DNA binding and cytokine
generation

The effect of SN50, a synthetic, cell permeable peptide which
carries the hydrophobic domain of the signal peptide from
Kaposi’s fibroblast growth factor (K-FGF) linked to the
nuclear localization sequence (NLS) of the pS50 subunit of
murine NF-xB (Lin et al., 1995), was studied to determine
the role of NF-xB in GM-CSF generation. Consistent with
the study of Lin et al. (1995), SN50 (100 uM) abolished LPS-
induced NF-«B:DNA binding but had no significant effect
on the complex that was seen routinely in unstimulated cells
(Figure 7a,b). However, SN50 failed to suppress LPS-induced
GM-CSF generation (Figure 8a) under conditions where it
abolished the release of TNFua (pICso=4.51+0.03), with
complete inhibition evident at 100 uM. SN50-M, a purport-
edly inactive control peptide that contains the same signal
peptide from K-FGF linked to the NTS with lys**— Asn and
Arg***—Gly substitutions, also suppressed TNFa generation
(Figure 8b) but was less active than SN50 (37.6+16.9%
inhibition at 100 uM). Similarly, SN50-M (100 uM) weakly
attenuated NF-xB:DNA binding but had no effect on the
constitutive complex in unstimulated cells (Figure 7a,d).

Pre-treatment of monocytes with SB 203580 and PD
098059 at a concentration (10 um) that abolished the LPS-
induced phosphorylation of ATF-2 and ERK-1/2 respectively
failed to attenuate LPS-induced NF-xB:DNA binding
(Figure 9) indicating that inhibition of the p38 MAP kinase
and MKK-1/ERK pathways does not prevent the release of
NF-xB from IxB.

Discussion

LPS promoted the generation of GM-CSF from human
monocytes by a mechanism that was abolished by cyclohex-
imide and actinomycin D implicating de novo transcription and
translation of the GM-CSF gene. These results are consistent
with the regulation of GM-CSF expression from anti-CD3-
stimulated human T-lymphocytes (Bohjanen et al., 1990) but
differ from the post-transcriptional mechanisms that dominate
the expression of GM-CSF from murine peritoneal macro-
phages (Thorens et al., 1987). Regulation of this gene is thus cell
and/or stimulus-dependent. LPS also increased GM-CSF
mRNA transcripts in an actinomycin D-sensitive manner
providing further support for transcriptional regulation in
human monocytes. As shown in Figure 1a, the kinetics of GM-
CSF release were protracted when compared to the elaboration
of TNFa, implying that LPS might indirectly transactivate the
GM-CSF promoter through the rapid induction of another
acute phase gene whose product acts in an autocrine/paracrine
manner. Although this possibility was not investigated,
evidence for an indirect mechanism was that 4 h elapsed after
stimulation of monocytes with LPS before GM-CSF was
detected in the culture supernatant. However, this interpreta-
tion is difficult to reconcile with the rapid appearance of GM-
CSF mRNA transcripts (t,, =1 h) and the equally rapid and
transient activation (t,, =15 min) of ERK-1, ERK-2 and p38
MAP kinase, which is required for GM-CSF production (see
below). It is possible, therefore, the kinetics of GM-CSF release
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Figure 6 Effect of SB 203580 and PD 098059 on the concentration-response relationship that describes LPS-induced GM-CSF and
TNFo generation. Adherent monocytes were pre-treated (20 min) with vehicle, 1 and 10 um of SB 203580 or PD 098059 and
exposed to LPS (I pg ml~' to 100 ng ml~"). The amount of GM-CSF (a and ¢) and TNFa (b and d) released in to the culture
supernatant at 18 h was measured by sandwich ELISAs. Data points represent the mean +s.e.mean of five and four determinations
for the SB 203580 and PD 098059 experiments respectively using monocytes from different donors.

Table 2 Effect of SB 203580 and PD 098059 on LPS-induced GM-CSF and TNFu« generation from human monocytes

GM-CSF TNFu
LPS pECs Response (% maximum) LPS pECsg Response (% maximum)
Control 9.224+0.19 (5) 100 9.974+0.13 (5) 100
SB 203580 (1 pum) 8.65+0.48 (5) 49.1+4.4 (5) 9.431+0.25 (5) 43.54+5.8 (5)
SB 203580 (10 pm) 8.27+0.18 (5) 21.14+2.3 (5) 8.78+0.16 (5) 17.843.2 (5)
Control 9.87+0.17 (4) 100 9.994+0.13 (4) 100
PD 098059 (1 um) 9.474+0.44 (4) 76.7+16.2 (4) 9.68+0.27 (4) 94.7+6.4 (4)
PD 098059 (10 um) 9.69+0.38 (4) 26.7+6.5 (4) 9.744+0.21 (4) 69.6+8.1 (4)

Adherent monocytes were pre-treated for 20 min with SB 203580 or PD 098059 at the concentrations indicated, exposed to LPS (1 pg
ml~! to 100 ng ml~') and incubated at 37°C for 18 h under a 5% CO, atmosphere. The amount of GM-CSF and TNFu released into
the culture supernatant was measured by immunospecific ELISAs. Data are expressed as the mean+s.e.mean. Values in parentheses

indicate the number of independent determinations.

from LPS-stimulated monocytes may not reflect the rate at
which this cytokine is accumulated/stored intracellularly.
Alternatively, the translation of GM-CSF mRNA or the release
of GM-CSF protein may require a monocyte-derived autocrine
factor that is generated relatively slowly in response to LPS.
The concentration-response relationships that described
LPS-induced GM-CSF and TNFa generation were essentially
identical, unlike the kinetics of gene expression suggesting
that the signalling pathways that regulate these genes may be
different. Consistent with previous studies, LPS promoted a
rapid and transient phosphorylation of ERK-1, ERK-2 and
p38 MAP kinase (Lee et al., 1994; Liu et al., 1994; Solomon
et al., 1998) at a concentration that equated to the ECy, for
cytokine generation. Significantly, the kinetics of this effect
were rapid and preceded cytokine generation, which would be
predicted if a causal relationship exists between the

biochemical and functional responses. A role for p38 MAP
kinase in GM-CSF generation was suggested from the
inhibitory effect of SB 203580 and RWIJ 67657, which
displayed activity over a concentration range identical to
that required to suppress TNFo, a cytokine known to be
regulated by p38 MAP kinase (Wadsworth et al., 1999).
Parallel studies established that SB 203580 effectively
suppressed the activation of p38 MAP kinase in LPS-
stimulated monocytes by monitoring the phosphorylation of
ATF-2, a known substrate for this kinase. This finding
confirms the results of a previous investigation (Scherle et al.,
1998) and is consistent with the ability of SB 203580 and
RWIJ 67657 to prevent the phosphorylation of mitogen-
activated protein kinase-activated protein kinase-2, another
substrate of p38 MAP kinase in human monocytes (Dean et
al., 1999; Wadsworth et al., 1999). Taken together, these data
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are consistent with other studies in human monocytes where
SB 203580 inhibits LPS-induced IL-10 and IL-1f release with
identical potency (Foey et al., 1998; Lee et al., 1994).
Moreover, the potency of SB 203580 (ICso~ 100 nM) in this
respect was similar or even higher than that required to
suppress a variety of p38 MAP kinase-dependent processes in

unrelated cell types (see e.g. Detmers et al, 1998;
Kankaanranta et al., 1999; Ridley et al., 1997).
(a) (© LPS  Control
- —>
12341234 s g2
Wells —» & simm LN Supershifted

<] Complexes
Specific »
Complexes . .

ST

@

250 400
= 2
£g 200 £% 300
28 %5
@< 150 @3
« g x E
<E 25 200
Qg 100 ]
o x
£ £ 100
0 0
LPS (3 ng mH) - + + - LPS (3 ng mt") + + -
SNSO0 (100 pM) - - + + SN50-M (100 uM) - - +

Figure 7 Effect of SN50/SN50-M on LPS-induced NFxkB:DNA
binding. Adherent monocytes were pre-treated (20 min) with SN50,
SN50-M (both 100 um) or vehicle and exposed to LPS (3 ng ml~—?)
for 60 min. Nuclear extracts were prepared and subjected to EMSAs
using a consensus NF-«xB oligonucleotide probe. In (a) a
representative autoradiogram of NF-xB:DNA binding is shown,
and (b) and (d) depict the mean results+s.e.mean of three
independent experiments for SN50 and SN50-M respectively using
monocytes from different donors. Key: lane/bar 1, unstimulated
control; lane/bar 2, LPS; lane/bar 3, LPS + SN50; lane/bar 4, SN50/
M. In some experiments, supershift analyses (c) were performed using
antisera raised against the amino terminus of the nuclear transloca-
tion sequence of the p65 and p50 subunits of NF-kB. Specific and
super-shifted complexes are indicated by the filled and open triangles
respectively, and the arrow indicates the position of the wells. Key:
lane 1, no antibody; lane 2, anti-p50; lane 3, anti-p65.

Activation of MKK-1 was also required for LPS-induced
GM-CSF formation, based on the finding that PD 098059
suppressed cytokine release by ~80 % at a concentration that
abolished ERK-1 and ERK-2 phosphorylation. However, in
contrast to the data obtained with SB 203580, which was an
equi-effective and equi-active inhibitor of the release of both
gene products, PD 098059 suppressed the elaboration of TNFa«
only at high concentrations (i.e. 37% at 30 uM). These data are
at variance with results published by Scherle et al. (1998) who
reported that U-0126, another inhibitor (ICso~70 nM) of
MKK-1, markedly attenuated (by ~90%) LPS-induced TNF«
generation from human monocytes. Several explanations could
account for this discrepancy. First, unlike PD 098059, which is
10-20 fold-selective for MKK-1 over MKK-2 (Alessi et al.,
1995), U-0126 is equi-potent against these two enzymes (Favata
et al., 1998). Thus, the greater than expected inhibitory action
of U-0126 might be attributable to the inhibition of an ERK-
independent, MKK-2 signalling pathway. Indeed, this would
explain recent data published by van der Bruggen et al. (1999)
where PD 098059 was found to suppress LPS-induced TNF«
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Figure 9 Lack of effect of PD 098059 and SB 203580 on LPS-
induced NF-xB: DNA binding. Adherent monocytes were pre-treated
(20 min) with PD 098059 (10 um), SB 203580 (10 um) or its vehicle
and exposed to LPS (3 ng ml~") for 60 min. Nuclear extracts were
prepared and subjected to EMSAs using a consensus NF-xB
oligonucleotide probe. (a) shows an autoradiogram representative of
nine independent experiments using monocytes from different donors.
(b) The mean data (4s.e.mean of 12 determinations) are given
expressed as fold-change from the baseline level of NF-xB:DNA
binding. Key: lane/bar 1, unstimulated control; lane/bar 2, LPS; lane/
bar 3, LPS+PD 098059; lane/bar 4, LPS+ SB 203580.
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Figure 8 Effect of SN50/SN50-M on LPS-induced cytokine generation. Adherent monocytes were pre-treated (20 min) with
varying concentrations SN50 (1-100 uM, (a) or SN50-M (30 and 100 um, (b) and exposed to LPS (3 ng ml~'). The amount of
GM-CSF and TNFu« released into the culture supernatant at 18 h was measured by sandwich ELISAs. Data points and bars
represent the mean +s.e.mean of six (SN50) and three (SN50-M) determinations using monocytes from different donors. *P <0.05,

significant inhibition of TNFo production.
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generation from human monocytes only at a concentration
(50 pum) that approaches the ICsy for the inhibition of other
kinases such as MKK-2 (Alessi et al., 1995). Alternatively, at
concentrations of U-0126 (1—-10 uM) that profoundly attenu-
ate TNFa production (Scherle et al., 1998), a significant
inhibition (~5-35%) of other kinases can be expected
including MKK-3 (ICs50=38 uM) and MKK-6 (IC50=20 um)
(Favata et al., 1998). Knowledge of this loss in enzyme
selectively is important because MKK-3 and MKK-6 lie
upstream of p38 MAP kinase and would have a significant
impact upon TNFo expression. Collectively, the results of the
present investigation are consistent with LPS-induced TNFa
gene expression being dependent, predominantly, on the
activation of p38 MAP kinase whereas the formation of GM-
CSF requires the co-operative activation of the p38 MAP
kinase and MKK-1 signalling cascades. A similar conclusion
was recently reached by Hoffmeyer ez al. (1999) who found that
p38 MAP kinase-, MKK-1- and JNK-signalling pathways co-
ordinately regulate the TNFo gene in a human T-lymphocyte
cell line. The results of that study are intriguing since they are
contrary to what is established in other TNFa-producing cells,
including human monocytes, and indicate that gene regulation
is cell-type-specific. Thus, the ability of a single gene to be
controlled by several, parallel signal transduction pathways
implies a level of complexity that allows expression to be fine-
tuned in response to the nature, duration and intensity of
external stimuli.

In many LPS-sensitive cells including monocytes, TNFa
generation appears to be regulated by the transcription factor
NF-kB (Cordle et al., 1993; Mackman et al., 1991; Muller et
al., 1993; Vincenti et al., 1992; Vallejo et al., 2000; Ziegler-
Heitbrock et al., 1993). Given that the MAP kinase signalling
pathways differed in their ability to regulate TNFa and GM-
CSF expression in LPS-stimulated human monocytes, further
studies were performed to determine if NF-xB is also
involved in LPS-induced GM-CSF biosynthesis. Consistent
with previous reports, LPS promoted a time-dependent
activation of NF-kB. The specificity of activation was
confirmed by the finding that NF-«xB:DNA binding
complexes were super-shifted with antibodies against the
p50 and p65 subunits of NF-xB. Furthermore, the synthetic
cell permeable peptide SN-50, which has been shown to
specifically antagonize the nuclear translocation of NF-«B in
a variety of diverse cells including endothelial LE II cells,
fibroblasts and THP-1 cells (Lin et al., 1995; Xu et al., 1998),
blocked the binding of NF-xB to DNA in LPS-stimulated
human monocytes indicating cross-reactivity between species.
Despite these results, NF-«kB did not regulate GM-CSF
expression as SN50, at a concentration that abolished LPS-
induced NF-xB:DNA binding, failed to influence GM-CSF
release, under conditions where the elaboration of TNFa was
significantly inhibited. The inactive control peptide, SN50-M,
also suppressed TNFo generation although on a molar basis
it was much less effective than SN50. This property of SN-
S0M, which has been reported to affect other NF-xB-
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