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Inhibition of kinases impairs neutrophil activation and killing of

Staphylococcus aureus
Bruno SCHNYDER', Paul C. MEUNIER and Bruce D. CAR

*“The DuPont Merck Pharmaceutical Company, Safety Assessment Laboratories, Newark, DE 19714, U.S.A.

Intracellular phosphorylations polymorphonuclear neutrophils
are mediated by kinases, including mitogen activated-protein
(MAP) kinases and phosphatidylinositol 3-kinase. In the present
study we demonstrate their effector functions upon both ligation
of cell-surface seven-transmembrane-spanning receptors by
bacterial peptide formylmethionyl-leucylphenylalanine as well
as in the process of destruction of Staphylococcus aureus. To
regulate neutrophil MAP kinases p38 and p44/42, specifically,
we made use of their specific inhibitors 10 xM SK&F 86002
(for p38) and PD 098059 (for activating kinase of p44/42).
SK&F 86002 was a potent inhibitor (by 709) of induced
antimicrobial oxygen-radical generation compared with PD
098059 (by 209%,). SK&F 86002 and PD 098059 inhibited
mobilization of a dominant neutrophil adhesion molecule,

p, integrin, from cytoplasmic granules to the plasma
membrane by 40 and 10 9, respectively, and the combination of
the two drugs resulted in a 909, effect. The combined effect
of both drugs was moderate inhibition of bacterial destruction,
despite the fact that neither compound had detectable effect on
bactericidal activity if applied individually. Bacterial destruction
was also inhibited by wortmannin (0.1 #M), the specific
inhibitor of phosphatidylinositol 3-kinase, which had previously
been described to target various other activations of the neu-
trophil, including oxygen-radical generation. Although the
relative contribution of p38 and p44/42 M AP kinases varied, the
marked effects of the combined inhibition of the kinases revealed
their concerted actions to be critical for normal neutrophil
function.

INTRODUCTION

Human polymorphonuclear leucocytes (neutrophils) constitute
an important part of the initial line of defence against intruding
micro-organisms. Leucocytes invade sites of infection through
activations enabling initial vascular endothelial interactions,
passage through the endothelium and extracellular matrix into
surrounding tissues toward micro-organisms. This is followed
by phagocytosis and destruction of micro-organisms within
the phagolysosome [1,2].

The process whereby neutrophils become activated can occur
through events signalled by the seven-transmembrane-spanning
receptors and the numerically and functionally most significant
membrane adhesion molecule, S, integrin. There is evidence that
postreceptor signals such as kinase-driven covalent phosphory-
lation events mediate intracellular signals initiated by ligand
binding of cell-surface receptors. Protein-phosphorylating kinase
and lipid-phosphorylating kinase have been shown, as revealed
by inhibition studies in intact and operational neutrophils, to
be of significance for adhesion and respiratory-burst function
respectively [3,4]. The lipid-kinase inhibitor wortmannin
specifically binds to, and blocks, the activation of phosphatidyl-
inositol (PI) 3-kinase and consequently also blocks activation
of multiple downstream eclements. Activation of Raf, the
mitogen-activated protein (MAP) kinase p44/42 and its acti-
vating kinase(s) can thereby be impaired by wortmannin in an
indirect fashion [5-9]. Protein kinase C and the p44/42 MAP
kinase have been shown, as assessed in cell-free systems, to
mediate multiple phosphorylations that facilitate assembly of the
neutrophil respiratory NADPH oxidase complex. Therefore the
pathway of p44/42 MAP kinase is expected to mediate anti-
microbial effector functions. This is partially supported by the
fact that inhibition of these protein kinases attenuated the
generation of antimicrobial oxygen radicals in intact neutrophils
[10-14].

The newly discovered homologues of the p44/42 MAP kinase,
for example p38 MAP kinase, are key components that are
commonly associated with heat, UV light, osmotic and mech-
anical stress and proinflammatory cytokine induction in the early
host responses to injury and infection [15]. As also shown for
p44/42 MAP kinase, homologue p38 is activated by phos-
phorylation on tyrosine, a dual phosphorylation coupled with
threonine phosphorylation, in a unique -Thr-Xaa-Tyr- motif
located in an activation loop of the catalytic domain proximal to
the binding sites of ATP and the kinase substrates [16-20]. The
amino acid Xaa differs for MAP kinases p38 and p44/42,
contributing to the district specificity for the substrate of these
two kinases [21]. Only one of each MAP kinase can be active in
some cell types, while both MAP kinase pathways can operate
in other cell types, where they serve opposite or overlapping
functions [22,23]. These findings were exploited in transfected
immortalized cell lines which showed importance in cell prolifer-
ation and differentiation [24,25]. Activation of MAP kinase
cascades generally result in the activation of transcription factors
which regulate protein synthesis. The limited capacity of neutro-
phils for protein synthesis suggest that MAP kinase pathways
in neutrophils may be involved in the activation of protein-
synthesis-independent functions. Respiratory burst and mobili-
zation of intracellular granules to the cell surface are effector
functions fully operational within 20 min of inflammatory
stimulation. The function of the p38 MAP kinase pathway in
neutrophils alone or together with other MAP kinase pathways
has been addressed in the present study. Investigations were
based on the structural differences between MAP kinases that
enabled their individual inhibition.

With foregoing seven-transmembrane-spanning-receptor-
induced dual phosphorylation of both p38 and p44/42 MAP
kinases in activated neutrophils, their specific roles in agonist-
induced respiratory burst, up-regulation of surface g, integrin

Abbreviations used: fMLP, formylmethionyl-leucylphenylalanine; PIl, phosphatidylinositol; MAP, mitogen-activated protein.
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and in bactericidal activity were presently demonstrated by using
the selective inhibitors SK&F 86002 (for p38) and PD 098059
(for activating kinase MEK of p44/42) [26,27]. The results were
contrasted with those obtained with the PI 3-kinase inhibitor
wortmannin. Incubation of neutrophils with wortmannin signifi-
cantly impaired their ability to kill phagocytosed Staph. aureus.

MATERIALS AND METHODS
Isolation and pretreatment of neutrophils with kinase inhibitors

Human neutrophils from healthy volunteers were isolated from
30 ml of peripheral blood drawn into heparinized Vaccutainers.
Density-gradient separation on Neutrophil Isolation Medium
(NIM) (Cardinal, Santa Fe, NM, U.S.A.) was performed at
1300 rev./min (340 g) at room temperature for 20 min. The
pale-red granulocyte layer was washed with ice-cold physiological
NacCl solution buffered with 20 mM sodium phosphate, pH 7.5
(PBS), without Ca?" and Mg?**, centrifuged for 10 min at
1000 rev./min (4 °C), and contaminating erythrocytes were lysed
by hypotonic shock in 0.29, (w/v) NaCl solution for 30 s.
Neutrophils of approx. 959, purity were resuspended in Krebs—
Ringer or Hanks buffer (GIBCO, Grand Island, NY, U.S.A.)
supplemented with 5.5 mM D-glucose. Cells were preincubated
at room temperature with gentle shaking for 30-60 min with
indicated concentrations of inhibitors of MAP kinase pathway
SK&F 86002 and PD 098059 (0.01-30 xM; synthesized by
DuPont Merck Pharma and purchased from Calbiochem, San
Diego, CA, U.S.A.) dissolved in DMSO (0.1 %, v/v, in culture).
Activity of the inhibitors was tested in specific in vitro kinase
phosphorylation assays (P. Scherle, personal communication).
Cells were also preincubated with wortmannin (0.001-0.1 xM;
purchased from Sigma, St. Louis, MO, U.S.A.), genistein (0.1—
30 uM; from Calbiochem) or calphostin ¢ (0.01-1 xuM; from
Calbiochem) dissolved in DMSO, or with vehicle solution alone,
and applied to the various assays.

Immunoblot detection of MAP kinases and kinase activity assay

Neutrophils (1 x 10%) were stimulated with 107* M formyl-
methionyl-leucylphenylalanine (fMLP) for the indicated periods
of time. Cells were quickly pelleted and resuspended or stored
frozen in 100 pl of 19, (v/v) Triton X-100 solution, which was
buffered with PBS, supplemented with 1 mM sodium ortho-
vanadate, ] mM PMSF, 5mM di-isopropyl fluorophosphate,
10 mM NaF and 5 ug/ml each of pepstatin A, leupeptin and
aprotinin. After 15 min lysis at 4 °C, the cell solution was
centrifuged at 14000 g for 5-10 min at 4 °C to pellet the nuclei.
Supernatant (20 ul) was separated by SDS/PAGE on a
10-20 9% -polyacrylamide gradient, run under reducing con-
ditions, electrophoretically transferred to Nitroblot membranes
(Costar, Cambridge, MA, U.S.A.) and immunostained by the
enhanced-chemiluminescence detection method (DuPont-NEN,
Boston, MA, U.S.A.) as previously described [28]. Rabbit
polyclonal antibodies to each MAP kinase recognized the dual-
phosphorylation activation site exclusively if phosphorylated
(New England Biolabs Inc., Beverly, MA, U.S.A.). Antibodies
were raised against peptides deriving from the phosphorylated
activation site of human p38 or human p44 MAP kinase
sequences. This region is very conserved, and thus the antibody
against p44 cross-reacts with its closest homologue, p42. It does,
however, not cross-react with p38. Antibodies recognizing MAP
kinases p44 or p38 also in the unphosphorylated state served as
control detection, in particular, in quiescent cells. These anti-
bodies were raised against peptides deriving from regions other
than the activation site.

Activity of MAP kinase-activated protein kinase 2, a major
substrate of p38 MAP kinase, was measured as previously
described [31]. A highly specific substrate peptide deriving
from glycogen synthase N-terminus was utilized to measure
incorporation of radiolabelled ATP.

Respiratory burst

Generation of oxygen radicals by neutrophils was measured as
the superoxide dismutase-inhibitable reduction of horse ferri-
cytochrome ¢ (0.8 mg/ml). Before addition of ferricytochrome c,
isolated neutrophils were pretreated with inhibitors as described
initially. Prewarmed 1 x 10° cellsin a I ml final volume containing
0.259% (w/v) BSA (fraction V) were pretreated with 5uM
cytochalasin B for 2 min, and fMLP at 10 M concentration
was used as stimulus for 10 min at 37 °C. The stimulus PMA at
10 ng/ml directly activated intracellular protein kinase C inde-
pendent of a cell-surface receptor and cytochalasin B addition.
Neutrophils were quickly centrifuged at high speed (10000 g),
and the absorbance of the supernatant measured in a spectro-
photometer at 550 nm, subtracting the absorbance at 490 nm
[29]. Control stimulations also contained 10 xg/ml superoxide
dismutase as a control for specificity of the reaction of superoxide-
radical measurement. Dismutase catalyses the conversion of
superoxide radicals into H,O,. Any oxygen radical reduced in
the presence of dismutase (usually none) was subtracted from the
mean measurements recorded as net reduction of ferricytochrome
¢ of samples without dismutase. All reagents were purchased
from Sigma.

Data were subjected to multivariate analysis of variation in
Systat (Systat, Inc. Evabston, IL, U.S.A.).

Flow-cytometric cell-surface analysis of CD11b

Neutrophils (1 x 10%), pretreated with kinase inhibitors as de-
scribed initially, were supplemented with 0.259%, (w/v) albumin
and stimulated with 10~* M leukotriene B, or 10-* M fMLP for
25 min at 37 °C. After washing cells with ice-cold PBS supple-
mented with 0.5 9% (w/v) BSA and centrifugation at 800 rev./min
(140 g) for 7 min, they were stained with fluorochrome FITC-
conjugated monoclonal antibody specific for human CD11b
(Sigma Immunochemicals, St. Louis, MO, U.S.A.), supple-
mented with 49, (v/v) human serum, and rotated for 75 min on
ice, protected from light. After washing cells twice, analysis was
run immediately using the Cell-Quest Software Program® of the
Becton—Dickinson (Mountain View, CA, U.S.A.) flow cytometer.
The markers for the monovariant histogram were set based on
the negative staining control using isotype-matched control
antibodies (FITC-conjugated mouse IgG from Pharmingen, San
Diego, CA, U.S.A)).

Bactericidal assay

Gram-positive bacteria (Staphylococcus aureus; 35548 ; Precetrol
culture from A.T.C.C., Rockville, MA, U.S.A.) from a single-
colony stock grown in nutrient-agar-broth medium (Carr
Scarborough Microbiologicals, Inc., Decatur, GA, U.S.A.) were
cultured overnight in tryptic-soy-broth medium at 37 °C under
rotating conditions, and 3 h before initiation of bactericidal
assay, bacteria were diluted 1:20 in 10 ml of prewarmed M63
medium to induce an exponential phase of growth within 2 h
while shaking at 37 °C. They were centrifuged for 10 min at
2900 g and resuspended in 25°C PBS to a D,,, of 0.4.
Opsonization was carried out by adding 2 vol. of fresh human
serum and incubating for 1 h on ice. After refilling with 25 °C
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PBS, centrifugation and washing once in 25 °C PBS, the bacteria
were resuspended in 5 vol. of neutrophil medium, yielding a final
D, of 0.02 in the subsequent bactericidal assay; 750 ul of
neutrophils (2.5 x 10 cells/ml) and 250 ul of bacteria solution
were mixed to yield a final bacteria/neutrophils ratio of 5:1.
Co-culture occurred for 180 min in a volume of 20 xl in 96 flat-
bottom well plates on a rotating platform at 150 rev./min at
37 °C. Neutrophils were lysed for a short time in ice-cold water,
and Staph. aureus, following an appropriate dilution of 1:1600
in 25 °C sterilized water, was immediately streaked in triplicate
on nutrient-agar plates (Carr Scarborough Microbiologicals)
and cultured at 37 °C overnight. The percentage of colony-
forming units was calculated relative to bacteria cultured in
vehicle solution without neutrophils during the bactericidal
assay.

RESULTS

Effect of inhibitors of MAP kinase pathway on fMLP-induced
respiratory burst

The MAP kinase inhibitor SK&F 86002 (for p38) inhibited
generation of oxygen radicals by 70 %, in neutrophils treated with
107" M fMLP (Figure la). This effect was partial at 1 uM and
maximal at 10 uM SK&F 86002. MEK inhibitor PD 098059 (for
p44/42 pathway) (10 uM) resulted in an overlap of effector
function targeting with SK&F 86002, but inhibited to a minor
extent (209,) at maximal effective concentration (Figure la).
PD 098059 augmented the effect of SK&F 86002 (Figure 1a).
Genistein, the natural inhibitor of a broad spectrum of tyrosine
kinases, including MAP kinase kinases, reduced maximal res-
piratory burst by 809, (Figure 1b). Results obtained with
synthetic inhibitors of the MAP kinase pathway were then com-
pared with those obtained with the natural inhibitors wortmannin
and calphostin ¢, the latter targeting protein kinase C. Both
wortmannin (0.1 uM) and calphostin ¢ (0.1 xuM) completely
eliminated oxidase activity (Figure 1b). Complete inhibition by
calphostin ¢ was even observed when the respiratory burst was

induced by direct activation of intracellular protein kinase C
with 10 ng/ml of PMA in a receptor-independent fashion (Figure
Ic). PMA-induced generation of oxygen radicals was not, how-
ever, modified by SK&F 86002, PD 098059, a combination of
both, or by wortmannin, indicating that these three compounds
were specifically able to target the receptor-signalled activation
of NADPH oxidase.

Inhibitions of mobilization of functionally significant receptors to
the cell surface

SK&F 86002 at 10 #uM decreased the leukotriene B,-induced
fluorescence signal of S, integrin antigen at the cell surface by
48 9, (Figure 2a), as assessed by immuno-flow-cytometric de-
tection of the CD11b chain of the integrin. fMLP-induced signal
was decreased by 39 9, (Figure 2b). PD 098059 decreased CD11b
up-regulations by 109, (Figure 2). These effects were partial at
1 M drug concentrations. Although maximal effect was reached
at 10-30 M, a minor additional effect was occasionally observed
at 100 M (results not shown). Co-incubation of SK&F 86002
and PD 098059 (10 M), resulted in > 909, inhibition (Figure
2). A similar synergistic profile of inhibition was observed for
mobilization of CDI18 chain of the g, integrin heterodimer
(results not shown). Inhibitory effects were still present after
stimulation for 2.5h (results not shown). Wortmannin only
showed a minimal effect on agonist-induced up-regulation of /3,
integrin (Figure 2). These findings underscore the significance
of MAP kinase pathway in such cytoskeletal processes. The up-
regulation of S, integrin in neutrophils has previously been
postulated to be translocation to, and incorporation of secretory
vesicles into, the plasma membrane rather than neosynthesis of
receptor proteins [30].

Effects of wortmannin and the inhibitors of MAP kinase pathway
on neutrophil bactericidal activity

In a bactericidal assay, destruction of Staph. aureus by neutro-
phils occurred after 30-60 min (results not shown) and was
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Figure 1 Effect of inhibitors of MAP kinase pathways on respiratory burst

Cells were incubated with PD 098059 (PD), SK&F 86002 (SKF), both inhibitors combined (PD + SKF), inhibitor of broad-spectrum tyrosine kinases genistein (G), inhibitor of protein kinase C
calphostin ¢ (C), wortmannin (Wortm), and then in the presence of inhibitors stimulated for 10 min with (a,b) 10=" M fMLP or (¢) with 10 ng/ml PMA. Maximal activation without inhibitor
pretreatment is defined as 100% (accounts for 9.6+ 2.1 nmol of 02/5 min per 10° cells). The data presented are means for at least three independent experiments. Error bars represent S.D.
Asterisks indicate a statistically significant difference (P < 0.05) compared with the positive control.



492 B. Schnyder, P. C. Meunier and B. D. Car

Cell Stimulations:

a

g

LeukotrieneB,

100%

2

Q

O

Y-

o]

>

Q

gl?

] Cells: = -
s -

lt s-m‘

200 400 600

Fluorescence Intensity [Anti-CD11b]

Treatment:
Wortm

PD

SKF

PD+SKF

Figure 2 Flow-cytometric analysis of f, integrin (CD11b) density on neutrophils

After incubation with the vehicle (—), 10 M PD 098059 (PD), 10 M SK&F 86002 (SKF), both inhibitors combined (PD+ SKF) or 0.1 x#M wortmannin (Wortm), cells were stimulated for
25 min with (a) 1078 M leukotriene B, or (b) 1078 M fMLP. The mean immunofluorescence intensity, given on the abscissa of the flow cytograph, of unstimulated (resting) cells was subtracted from
the fluorescence of stimulated cells. The maximal difference represents 100% up-regulation of the antigen, as indicated in the margin drawn between respective peak values. Results shown are

representative of five independent experiments.
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Figure 3 Bactericidal activity of neutrophils was determined following
co-culturing of opsonized Staph. aureus with neutrophils

After 180 min incubation, surviving Staph. aureus were plated on nutrient agar and number
of colonies grown counted. The degree of destruction was determined from the difference
between bacterial colony counts in the presence and absence of co-cultured neutrophils and
was expressed as percentage killing on the ordinate. Reduced destruction was detected when
neutrophils were pretreated with a combination of the inhibitors, PD 098059 and SK&F 86002
(SKF+-PD) or with wortmannin (Wortm) in lieu of vehicle solution (shown as ‘0 x#M’). The
presence of these inhibitor combinations did not impair bacterial proliferation per se (results
not shown). Results are means (+ S.D.) for at least three independent experiments. Asterisks
indicate a statistically significant difference (P < 0.05) compared with the positive control.

maximal at 180 min co-culture (Figure 3). Staph. aureus surviving
the bactericidal assay were plated on nutrient agar and number
of colonies grown counted. Count differences to reference assays
in the absence of neutrophils were expressed as percentage killing
on the ordinate of Figure 3. Conditions were optimized to enable
maximal bactericidal activity (85 9% killing) on the one hand. On
the other hand, this setting including bacteria opsonization,
followed by withdrawal of the serum before the assay, and a high
bacteria/neutrophil ratio of 5:1 in the co-culture permitted
the sensitive evaluation of effects of various kinase-pathway
inhibitors. Although SK&F 86002 and PD 098059 did not separ-
ately impair bactericidal activity, when neutrophils were cultured
in the presence of both compounds, 60 %, inhibition of bacterial
killing was observed compared with 859, bacterial killing in
controls (Figure 3). Wortmannin reduced bacterial killing from
85 to 459, (Figure 3). None of the inhibitors exhibited a direct
antibiotic action or promoted bacterial growth in cultures in the
absence of neutrophils.

Analysis of the distinct neutrophil p38 and p44/42 MAP kinases

Maximum phosphorylation of 42-44 kDa MAP kinase p44/42
(Figure 4a), in parallel with phosphorylation at the 40 kDa
kinase p38 (Figure 4c), occurred within 1 min after 107 M fMLP
stimulation, declining thereafter. Susceptibility of such kinase-
mediated phosphorylation to specifically designed MAP kinase
inhibitors has previously been described in various cell types. We
confirm such inhibitor-susceptible events, specifically endogen-
ous, as phosphorylation at the unique dual-phosphorylation sites
in the p44/42 M AP kinase pathway of the neutrophil. Incubation
of neutrophils with PD 098059 at the maximal effective con-
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Figure 4 MAP kinases p38 and p44/42 were detected in neutrophils
following the electrophoretic separation of cell lysates (SDS/PAGE), electro-
transfer and immunostaining

In (@) and (¢), immunodetection of, exclusively, the phosphorylated forms of MAP kinase after
stimulation of neutrophils with 1078 M fMLP for the indicated periods of time (min) is shown.
In (b) and (d), immunodetection with antibodies also recognizing unphosphorylated forms were
used as controls and revealed the presence of the respective, though unphosphorylated, MAP
kinases in lysates of non-stimulated (resting) neutrophils. Induced phosphorylation was also
observed when neutrophils were stimulated with 10 M leukotriene B, (results not shown).
Molecular mass is indicated to the right of the autoradiograph. Data shown are representative
of five independent experiments.

centration of 10 uM blocked induction of phosphorylation of
p44/42 (Figure 5a). Also wortmannin (0.1 xM) blocked phos-
phorylation of p44/42 (Figure 5a).
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Figure 5 Effect of specific kinase inhibitors on MAP kinases per se

Neutrophils were treated with vehicle (—), 10 xM PD 098059 (PD), 10 xM SK&F 86002
(SK&F) or 0.1 M wortmannin (Wortm) before stimulation with 1078 M fMLP for 3 min. In (a),
kinase-mediated phosphorylation at the activation site of p44/42 in the lysates was immunoblot-
detected as described in Figure 4. The autoradiograph shown is representative of five
independent experiments. In (b), activity of p38 MAP kinase is indicated by measuring the
kinase activity of its substrate MAPKAP kinase 2 in the presence or absence of 10 #M SK&F
86002 in the lysate. “100% specific activity’, given on the ordinate, was determined from the
difference between stimulated and non-stimulated cells.
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Phosphorylation of p38 was unaffected by either compound
specifically targeting MAP kinase pathways, except by wort-
mannin as found occasionally and to a moderate extent of
reduction (results not shown). Results of previous studies have
shown that binding of the pyridinyl imidazoles of the SK&F
86002 type to the ATP-binding site (Tyr-175) of both activated
and non-activated p38 blocks substrate recognition by p38. This
drug binding does not modify p38 phosphorylation by MAP-
kinase-activating kinases [16,26]. We and others confirmed this
(results not shown) [14]. SK&F 86002 blocked fMLP-induced
kinase activity of p38 as assessed by measuring activity of its
downstream substrate, MAPKAP kinase 2 (Figure 5b), as has
also recently been tested by others [32].

DISCUSSION

Neutrophils comprise the initial line of defence against intruding
bacterial infections. A model of killing of Staph. aureus by
neutrophils was established in a co-culture setting. It serves as
investigative-toxicology model to test drugs for their effect on
normal human immune defence. Drugs of the p44/42 MAP
kinase pathway have not yet been tested in inflammatory in vivo
models. They ‘classically’ impair cell mitogen effects. The present
study demonstrates partial impairment of the bactericidal ac-
tivity. A combination of two compounds, SK&F 86002 and PD
098059, blocked MAP kinase pathways through p38 and p44/42
respectively. Simultaneous application achieved an effect on the
bacterial killing. Effect of simultaneous, in contrast with in-
effective individual application of the compounds is possibly
enabled by avoiding redundancy of the separable pathways that
converge distal to the MAP kinase step on overlapping effector
function(s).

The specific inhibitor of PI 3-kinase, wortmannin, has not been
tested in inflammatory in vivo models. An anti-inflammatory
effect would, however, be expected, based on findings obtained
with neutrophils. In the more complex inflammatory neutrophil
assay of the present study, application of wortmannin clearly
impaired bactericidal activity.

Respiratory burst induced by the bacterially derived tripeptide
fMLP has previously been linked with the facilitation of destruc-
tion of Staph. aureus [33,34]. If humans or mice are deficient
in the molecular components of the NADPH oxidase complex,
the microbicidal activity is impaired [35]. We showed in the
present study that the potent effect on radical generation by
PI 3-kinase inhibition likely attenuated bacterial killing. Also
MAP kinases had an impact on both respiratory burst and killing.
fMLP and inflammation-induced, host-derived leukotriene B,
altered expression of £, integrin (CD11b) on the cell surface. Up-
regulation of f, integrin would seem to be involved in enhance-
ment, rather than initiation, of neutrophil operations such as,
for example, respiratory burst [36]. Complete absence of },
integrin impaired antimicrobial activity in vivo [37]. /8, integrin
has furthermore been shown to operate as an integrin receptor of
the serum complement component C3b [37,38]. In fact, Staph.
aureus in the present study showed dependency on opsonization
by serum before it could be destroyed by neutrophils. The
induced inhibition of neutrophil MAP kinases in the present
study was accompanied by effects on both f, integrin up-
regulation and bacterial destruction. The neutrophil MAP
kinases, in particular, regulated antimicrobial signals through
a partially concerted action with PI 3-kinase and a new charac-
teristic mechanism that governs mobilization of granules of 3,
integrin to the cell membrane as well.

Although the natural metabolite wortmannin caused haem-
orrhagic effects in vivo [39], an extended body of studies has

employed wortmannin in functional assays. Characterization of
synthetic inhibitors of PI 3-kinase pathway are warranted. In the
present study, wortmannin served as control inhibitor to elucidate
the role of PI 3-kinase in bactericidal activity. Certain processes
in endocytosis, as shown in non-phagocytic epithelial cells and
macrophages, were impaired by wortmannin [40,41]. Such an
inhibitory effect was of little relevance during the process of
neutrophils engulfing opsonized Staph. aureus, as we assessed
microscopically (results not shown) in the present study. Effective
bacterial killing started after the initial 20-30 min (the micro-
organism uptake) of the assay, and a decrease in killing in the
presence of wortmannin might have derived from impaired
processes during destruction of the micro-organisms. Protease-
granule release in neutrophils has convincingly been shown to be
blocked by wortmannin [4,42]. The importance of this process
has now been tested in the bactericidal assay. The assay was
normal upon addition of a specific inhibitor of neutrophil elastase
and proteinase 3 [43] (results not shown). Lysosomal proteolytic
degradation of bacteria follows the killing of bacteria, which
appears principally to be determined by oxidative mechanisms.
The preceding step in microbial destruction, namely neutrophil
migration to bacteria, has previously been shown not to be
blocked by wortmannin [44]. Recruitment has been mimicked in
an assay of neutrophil migration directed through synthetic
porous membranes toward a gradient of bacterial peptide fMLP.
When chemotoxis was modelled in this system with the host-
derived chemoattractant, interleukin-§, wortmannin inhibited
the migration of neutrophils [45]. The results obtained with the
different, somewhat artificial chemotaxis systems in use are,
however, not uniform between groups. Conclusive results based
on chemotaxis systems with specific kinase inhibitors, therefore,
await further refinement [46] or in vivo refinements with well-
tolerated and specific kinase inhibitors. Such in vitro refinements
include addition of physiologically relevant protein matrices or
cellular barriers to transmigration.

The synthetic MAP kinase inhibitor SK&F 86002 is not toxic
if injected into mice [47]. Doses given in vivo decreased collagen-
induced arthritis and chemically induced peritonitis in mice.
Inflammatory functions of vascular endothelial cells, lympho-
cytes and macrophages are also modified by the agents inhibiting
the MAP kinase pathways used in the present study [47.48].
Collectively, these cell types orchestrate many acute and chronic
inflammatory events, suggesting modulation of MAP kinase
pathways to be of potential therapeutic use in mitigating inflam-
matory diseases.
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