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ABSTRACT. The effects of two different tyrosine kinase inhibitors (genistein and erbstatin analog) and an
inhibitor (2'-amino-3’-methoxyflavone; PD98059) of the mitogen-activated protein (MAP) kinase kinase on
the primary granule exocytosis and superoxide (O, ) production of human neutrophil granulocytes were
compared. The effector responses induced by stimulation of the chemotactic receptors by formyl-methionyl-
leucyl-phenylalanine and platelet-activating factor were blocked both by genistein and erbstatin analog. In
contrast, degranulation and O, production triggered by the activation of protein kinase C with phorbol-12-
myristate-13-acetate were reduced by erbstatin analog but not by genistein. This inhibitory pattern was observed
in both effector responses, but the sensitivity of O, production toward tyrosine kinase inhibition was markedly
higher than that of degranulation. PD98059 caused no considerable effect on any of the above responses. The
data presented indicate that tyrosine kinases are involved not only in the respiratory burst but also in the
organization of the degranulation response of neutrophil granulocytes. It is suggested that several tyrosine kinases
of different inhibitor sensitivity may participate in the transduction of extracellular signals. However, activation
of the MAP kinase cascade does not appear to be involved in either of the investigated biological responses of
the neutrophils. BIOCHEM PHARMACOL 54;7:781-789, 1997. © 1997 Elsevier Science Inc.
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signal transduction

Stimulation of neutrophil granulocytes either by physiolog-
ical agents through membrane receptors or by nonphysi-
ological means, e.g. with phorbol-12-myristate-13-acetate
(PMAS), results in the induction of multiple effector
responses including superoxide (O, ) production and exo-
cytosis of various intracellular granules (degranulation)
{1-3]. Initial steps such as the activation of phospholipase C
and elicitation of the Ca’* signal or the activation of
protein kinase C (PKC) represent a common signal trans-
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duction pathway, but the specific processes leading to the
assembly of the NADPH oxidase complex or to initiation of
the exocytotic machinery are poorly understood (for review
see [1, 4]).

In recent years, a considerable amount of data has been
accumulated as to the participation of tyrosine kinases in
signal transduction in neutrophil granulocytes: 1) stimula-
tion of the cells with different agents resuited in increased
phosphorylation of several proteins on tyrosine residues
{5-14]; 2) tyrosine kinase activity of mitogen-activated
protein (MAP) kinase/extracellular signal regulated kinase
kinase (MEK) [15-18] and several src-type tyrosine kinases
[19-20] was increased during activation of the cells; 3)
various inhibitors of tyrosine kinases were reported to
inhibit O, production triggered by different agonists [5, 12,
13, 21-24]; and 4) an increase in phosphotyrosine phos-
phatase activity in the plasma membrane resulted in im-
paired O, generation induced by the bacterial chemotactic
factor formyl-methionyl-leucyl-phenylalanine (fMLP) [21].

Although the involvement of tyrosine kinases in the
induction of O, production is generally accepted [5, 12, 13,
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21-24], the role of these signaling proteins in the organi-
zation of the degranulation response is poorly understood
[22-24]. Furthermore, despite the evidence of the activa-
tion of the MAP kinase cascade in response to neutrophil
stimulation, no direct evidence has been provided concern-
ing the possible involvement of this pathway in any of the
above effector functions of the cells.

To clarify the relation of signaling pathways provoking
the two effector responses, we carried out a systematic
investigation of the effect of two widely used, unrelated
tyrosine kinase inhibitors and an inhibitor of MEK on
degranulation and O, production in human neutrophils.
Our results indicate that tyrosine kinases are involved in
both effector functions of the cells. However, activation of
the MAP kinase cascade does not seem to play a major role
in the signaling events leading to degranulation or O;
production of human neutrophils.

MATERIALS AND METHODS
Materials

Dextran T500 and Ficoll-Paque were obtained from Pharma-
cia (Uppsala, Sweden), genistein, 2,5-dihydroxymethylcinna-
mate (erbstatin-A ), ionomycin, and {1-[2-(5-carboxyoxazol-2-
yl}-6-aminobenzofuran - 5 - oxy] - 2-(2'-amino-5’-methylphen
oxy) ethane-N,N,N',N’-tetraacetic acid, pentaacetoxy-
methylester} (fura-2/AM) were from Calbiochem (San
Diego, CA, USA), and cytochalasin B, ferricytochrome c,
fMLP, platelet-activating factor (PAF), and PMA were
from Sigma (St. Louis, MO, USA). 2’-Amino-3’-methoxy-
flavone (PD98059) was kindly provided by Dr. Julian
Downward (Imperial Cancer Research Fund, London, UK).
All other reagents were of research grade.

The routinely used extracellular medium (H-medium)
contained 145 mM NaCl, 5 mM KCI, 1 mM MgCl,, 0.8
mM CaCl,, 10 mM HEPES, and 5 mM glucose, pH 7.4. All

incubations were carried out at 37°.

Cell Isolation

Human neutrophils and lymphocytes from healthy volun-
teers were prepared by dextran sedimentation followed by
Ficoll-Paque gradient centrifugation as described [25]. Con-
taminating erythrocytes were removed from the neutrophil
preparation by hypotonic lysis. The neutrophil preparation
contained >95% polymorphonuclear cells, while the lym-
phocyte preparation contained >97% mononuclear cells.
Cells were stored at a concentration of 10’/mL at room
temperature until use. The viability of the cells (as deter-
mined by Erythrosin B dye exclusion) was >97% in both
preparations and was not influenced by any of the applied
inhibitors.

Degranulation Measurements

Degranulation of primary granules was measured after
preincubation of the cells (10°/mL) with 10 pM cytocha-
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lasin B. Where indicated, genistein, erbstatin-A, or
PD98059 was added to the preincubation medium 5 min
after cytochalasin B, and the cells were incubated for a
further 10 min (genistein and erbstatin-A) or 30 min
(PD98059). At the end of the preincubation, the stimulat-
ing agents were added and the cells were incubated for 10
min. Cells were then pelleted (8000 X g for 1 min at 4°),
and the B-glucuronidase activity in the supernatant was
determined using the fluorigenic substrate 4-methylumbel-
liferyl-B-p-glucuronide (Sigma), essentially as described
[26]. The B-glucuronidase activity in unstimulated cell
supernatants was subtracted, and the enzyme release was
expressed in percent of the total cellular enzyme content
(enzyme activity in the supernatant of samples treated with
0.02% cetyltrimethylammonium-bromide as detergent).
The myeloperoxidase and elastase activity of the same
supernatants was measured photometrically using 3,3',5,5'-
tetramethylbenzidine (Sigma; [27]) and N-methoxysucci-
nyl-Ala-Ala-Pro-Val-p-nitroanilide (Calbiochem; A = 405
nm) as substrates, respectively.

Measurement of Superoxide Production

Superoxide production was measured in 96-well micro-
plates as the superoxide dismutase sensitive reduction of
ferricytochrome c. Cells (10%/mL) were preincubated for 10
min (genistein and erbstatin-A) or 30 min (PD98059) with
150 uM ferricytochrome ¢ with or without the indicated
inhibitor. The cells were then stimulated, and the absorp-
tion change was followed at 550 nm. Absorption of un-
stimulated samples was subtracted, and O; production was
calculated using an absorption coefficient of 21.1 mM ™!
cm™ !,

Preparation of membrane and cytosolic components of
the porcine cell-free NADPH oxidase system and measure-
ment of its activity were carried out as described [28].

Measurement of Protein Kinase C Activity

PMA-induced PKC activity in human neutrophil lysates
was determined using two selective oligopeptide substrates
of PKC: H1-peptide, resembling the phosphorylation site of
H1 histone (AAASFKAKK-amide) [29, 30], or delta-
peptide (PKC-delta pseudosubstrate site like peptide sub-
strate, MNRRRGSIKQAKI) [31]. The method described in
[29] was slightly modified. Briefly, 107 cells were sonicated
in 2 mL of a lysis buffer containing 250 mM sucrose, 20 mM
Tris-HCI (pH 7.5), 0.2% Triton X-100, 2 mM EDTA, 5
mM EGTA, 0.25 mg/mL phenylmethylsulfonyl fluoride
(PMSF), 10 uM leupeptin, 2 uM pepstatin-A, 40 mU/mL
aprotinin, and 1 mM benzamidine. 50-puL samples of the
lysates were incubated in a reaction mixture (400 pL, final
volume) in the presence of 0.7 mg/mL of H1-peptide or 0.5
mg/mL delta-peptide substrate, 10 uM [y-**PIATP (ca. 7 X
10° cpm per reaction mixture), 10 mM MgCl,, and 50 mM
Tris-HC1 (pH 7.5). Where indicated, 100 nM PMA and
140 pg/mL phosphatidylserine (PS) were also added to the
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incubation medium, or the free Ca’* concentration was set
to 0.75 mM by CaCl,. After 5 min of incubation at 37°, the
reaction was stopped by 120 pL of glacial acetic acid, and
the samples were centrifuged. The supernatant was applied
onto small phosphocellulose columns, and *?P incorpora-
tion into the oligopeptide substrate was determined as

described.

Measurement of Ca”* Signal

The Ca’* signal induced by 1. pM fMLP was followed using
fura-2/AM-loaded human neutrophils as previously de-
scribed [25].

Determination of Protein Tyrosine Phosphorylation

Tyrosine-phosphorylated proteins were detected by the
immunoblot technique using antiphosphotyrosine antibod-
ies. Cells at 107/mL were preincubated for 10 min with or
without genistein or erbstatin-A followed by stimulation
with 1 uM fMLP or 200 nM PMA. After a l-min
incubation, the reaction was stopped quickly by the addi-
tion of twice the volume of 0° H-medium. The samples
were then centrifuged at 16000 X g for 10 s at 4°, the
pellet was resuspended in lysis buffer (100 mM NaCl, 30
mM Na-HEPES, 20 mM NaF, 1 mM Na-EGTA, 10 mM
benzamidine, 1% Triton-X-100, pH 7.5, freshly completed
with 10 pg/mL aprotinin, 10 pM leupeptin, 2 uM pepstatin
A, 1 mM Na;VO,, and 1 mM PMSF), incubated on ice for
10 min, and centrifuged at 16000 X g for 5 min at 4°. Four
times concentrated sample buffer was then added to the
supernatants, and the samples were boiled for 10 min. 10°
cell equivalents per lane were run on a 10% SDS-PAGE
[32], and the proteins were transferred onto nitrocellulose
sheets. After blocking with 2% BSA in Tris-buffered saline
(0.5 M NaCl, 20 mM Tris-OH, pH 7.5), blots were
processed using mouse mcnoclonal antiphosphotyrosine
primary antibody (Upstate Biotechnology, Lake Placid,
NY, USA; clone 4G10) and peroxidase-labeled affinity-
purified sheep antimouse secondary antibody (Amersham,
Buckinghamshire, UK). The blots were then developed by
Amersham’s enhanced cherniluminescence system accord-
ing to the manufacturer’s irstructions.

Determination of MAP Kinase Phosphorylation

Phosphorylation of MAP kinase was monitored on the basis
of the decrease in electrophoretic mobility due to phos-
phorylation of the protein. Cells at 107/mL were preincu-
bated for 30 min with or without 30 uM PD98059 and then
stimulated with 1 pM fMLP for 1 min. The reaction was
stopped by adding twice the volume of ice-cold medium
followed by rapid pelleting of the cells at 16000 X g for
10 s. The pellet was then resuspended in hot sample buffer
and boiled for 10 min. 10° cell equivalents per lane were
run on a 15% SDS-PAGE and blotted onto nitrocellulose
sheets. Immunoblotting was performed as described for
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determination of tyrosine phosphorylation, except that the
primary antibody was a mouse monoclonal anti-MAP
kinase antibody recognizing p42™** (anti-ERK2 from
Transduction Laboratories, Lexington, KY, USA: dilution,
1:1000). Identical results were obtained with another
mouse monoclonal anti-MAP kinase antibody reacting
with both p42™®* and p44™*** (anti-pan-ERK from the
same supplier; dilution, 1:2000), confirming the finding of
Thompson et al. [15] that p42™%¥ is the predominant MAP
kinase isoform in human neutrophils. Densitometric anal-
ysis was carried out with an Ultroscan XL laser densitom-
eter (Pharmacia-LKB, Uppsala, Sweden).

Statistical Analysis

Measurements were carried out at the indicated times in
duplicate or triplicate. Data are given as mean * S.D.
Statistical analysis was performed using Student’s paired ¢
test.

RESULTS
Effect of Tyrosine Kinase Inhibitors and PD98059 on
the Degranulation of Primary Granules

To investigate the possible role of tyrosine kinases and the
MAP kinase cascade in the activation of the exocytic
response of neutrophils, we tested the effect of tyrosine
kinase inhibitors and of an inhibitor of MEK on the
degranulation of primary granules in the presence of cy-
tochalasin B. Under these conditions, 1 uM fMLP induced
the release of 34.8 + 4.8% (n = 24) of the total cellular
content of the primary granule enzyme marker B-glucuron-
idase, whereas 50 nM PMA evoked 9.8 = 3.6% (n = 14)
degranulation. Degranulation could be induced by 100
ng/mL PAF (17.6 = 4.6%; n = 5) or by the simultaneous
addition of 50 nM PMA and 1 pM ionomycin (15.9 =
5.3%; n = 5), while 1 uM ionomycin alone exerted only
a marginal effect (lower than 5% release). When cytocha-
lasin B was omitted, neither of the stimuli caused signifi-
cant enzyme release (data not shown).

Preincubation of the cells with genistein, a tyrosine
kinase inhibitor competing at the ATP-binding site, caused
a concentration-dependent inhibition of fMLP-induced
degranulation. As shown in Fig. 1A, in the presence of 25
pM and 100 uM genistein, the liberated enzyme activity
was decreased by 62% (n = 13) and 92% (n = 4),
respectively. Fifty percent inhibitory concentration (ICsg)
was in the 15-20 uM range (data not shown). On the other
hand, genistein caused no significant inhibition of PMA-
induced degranulation even when used at 100 uM concen-
tration (p > 0.5, n = 3).

Another family of tyrosine kinase inhibitors is competi-
tive at the peptide-binding site of the enzymes. We also
tested the effect of one member of this group, erbstatin-A (a
stable analog of erbstatin [33]), on the degranulation

response of human neutrophils. After preincubating the
cells with 25-100 pM erbstatin-A, both fMLP- and PMA-
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FIG. 1. Effect of tyrosine kinase inhibitors and PD98059 on the
degranulation of primary granules of human neutrophils. Cy-
tochalasin B-treated human neutrophils were preincubated with
or without genistein (A), erbstatin-A (B), or PD98059 (C) at
the indicated concentrations followed by stimulation with 1 pM
fMLP or 50 nM PMA. The release of the primary granule
enzyme marker B-glucuronidase into the extracellular space
during a 10-min incubation was determined as detailed in
“Materials and Methods.” Each bar represents the mean * S.D.
of normalized data of 3 to 13 independent experiments. *,
significantly different (p < 0.05) from control.

A. Mécsai et al.

induced degranulation was strongly inhibited (Fig. 1B). At
a concentration of 25 uM, erbstatin-A inhibited the fMLP-
and PMA-evoked response by 49% (n = 9) and 37% (n =
7), respectively. The IC;, values of erbstatin-A in inhib-
iting degranulation evoked by fMLP or by PMA (25 and 30
M, respectively) were not significantly different.

To test the possible role of the MAP kinase pathway in
neutrophil degranulation, we measured the effect of
PD98059, a recently described MEK inhibitor [34, 35], on
the degranulation response. Fig. 1C shows that PD98059 at
10 pM or 30 pM concentrations caused no inhibition of
PMA -induced B-glucuronidase release and exerted only a
marginal effect (12% inhibition at 30 wM) on the fMLP-
induced response.

Degranulation induced by 100 ng/mL PAF was inhibited
both by genistein and erbstatin-A in the same concentra-
tion range as that induced by fMLP. On the other hand,
degranulation evoked by the simultaneous addition of 50 nM
PMA + 1 pM ionomycin was sensitive only to erbstatin-A.
PD98059 caused no inhibition of PAF-induced degranula-
tion (data not shown).

Neither genistein nor erbstatin-A affected B-glucuroni-
dase itself, as they did not decrease the activity of the
enzyme in the supernatant of detergent-treated samples.
The results presented with the B-glucuronidase release were
confirmed by measuring the release of two other primary
granule enzyme markers, elastase and myeloperoxidase,
from the same samples (data not shown).

Effect of Tyrosine Kinase Inhibitors and PD98059 on
the Respiratory Burst

In view of the remarkable difference in the effect of the two
tyrosine kinase inhibitors and PD98059 on the degranula-
tion process, we tested whether another effector response,
the respiratory burst, was also differentially sensitive to the
applied drugs.

Superoxide anion production was measured by the cyto-
chrome ¢ reduction test in the absence of cytochalasin B.
Kinetic analysis showed that fMLP-induced O; production
developed rapidly within the first minute and was com-
pleted during the first 3 to 4 min, whereas the PMA-evoked
respiratory burst needed 2 to 3 min to reach the maximal
rate but continued for more than 15 min. We chose the
amount of O; produced during the first 5-min period as the
measure of the respiratory burst activity. Under these
conditions, 1 uM fMLP and 50 nM PMA induced a O,
production of 14.4 = 5.2 (n = 14) and 25.8 = 63 (n =
14) nmol/5 min/10° cells, respectively.

The data obtained with the two tyrosine kinase inhibi-
tors and with PD98059 are summarized in Fig. 2. In the
range of 0.03-100 uM, genistein caused a concentration-
dependent decrease in fMLP-induced O; production. Half-
maximal inhibition was attained at ~0.3 pM. It should be
recalled that half-maximal inhibition of degranulation
evoked by the same stimulus needed an almost two order of
magnitude higher (15-20 uM) genistein concentration
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FIG. 2. Effect of tyrosine kinase inhibitors and PD98059 on the
respiratory burst of human neutrophils. Human neutrophils
were preincubated with or without genistein (A), erbstatin-A
(B), or PD98059 (C) at the indicated concentrations in the
absence of cytochalasin B followed by stimulation with 1 pM
fMLP or 50 nM PMA. The O, production during a 5-min
incubation period was determined as detailed in “Materials and
Methods.” Each point represents the mean + S.D. of normalized
data of three to five independent experiments.
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{compare Figs. 1A and 2A). Up to a concentration of 100
uM, PMA-induced O, generation was not affected by
genistein.

In contrast to the effect of genistein, erbstatin-A clearly
inhibited both the fMLP- and the PMA-induced respiratory
burst. The drug was slightly but reproducibly more effective
on the fMLP-elicited response, the concentrations required
for half-maximal inhibition in the case of fMLP and PMA
being ~0.3 pM and =1 uM, respectively. These concen-
trations are 30-100 times lower than those required for
inhibition of the degranulation response (25-30 uM; com-
pare Figs. 1B and 2B).

The conditions of measurement of degranulation and O,
production differed in the presence or absence of cytocha-
lasin B. To test whether this difference was responsible for
the observed shift in the sensitivity toward tyrosine kinase
inhibitors, we investigated the effect of genistein and
erbstatin-A on the respiratory burst after preincubating the
cells with 10 pM cytochalasin B. These experiments
showed that cytochalasin B did not significantly influence
the ICs; values of either of the two drugs (data not shown).

As shown in Fig. 2C, PD98059 did not inhibit O,
production of PMA-activated neutrophils in concentra-
tions up to 30 pM. The fMLP-induced respiratory burst was
only slightly reduced by PD98059, resulting in 18% inhi-
bition at the highest concentration tested.

Investigation of the respiratory burst revealed the same
pattern of inhibitor sensitivity as detected in the degranu-
lation response. However, there was a significant (30-100-
fold) difference in the effective concentration of both
genistein and erbstatin-A, indicating that O, generation is
markedly more sensitive toward tyrosine kinase inhibition
than the release of primary granules.

Control of Possible Unspecific Actions of Genistein
and Erbstatin-A

In a previous paper, the tyrosine kinase inhibitor ST638
was shown to interfere with the binding of fMLP to its
receptor [23]. To exclude a similar action of the inhibitors
applied in this study, the Ca?" signal elicited by chemo-
tactic receptor stimulation was investigated using fura-2/
AM-loaded human neutrophils. Neither genistein nor erb-
statin-A, applied at a concentration of 25 uM, had any
influence on the Ca’" signal induced by 1 uM fMLP (data
not shown).

Although erbstatin was originally described to be a
specific inhibitor of tyrosine kinases that did not influence
PKC [33], one group reported inhibition of rat brain PKC
activity by erbstatin [36]. As the effects of genistein and
erbstatin-A differed only in the inhibition of PMA-induced
responses by the latter compound, the possibility arose that
this drug exerted its effect through inhibition of PKC
activity. Therefore, we investigated the effect of erbsta-
tin-A on the PKC activity of human neutrophil cell lysate
using two different substrates: H1-peptide, which is selec-
tive for the Ca’"-sensitive conventional isoforms {29, 30],
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TABLE 1. Effect of erbstatin-A on the PMA-induced PKC activity of human neutrop lysate

Activator 32P incorporation (pmol/5 min/10° cells)
Erbstatin-A
— 25 M 100 pM
H1-Peptide
— 363 379 374
PMA/PS 412 414 393
PMA/PS + Ca** 573 549 578
Delta-Peptide
— 368 336 344
PMA/PS 541 480 548
PMA/PS + Ca’" 671 630 668

Human neutrophil lysates were incubated for 5 min with or without erbstatin-A at the indicated concentrations in the presence
of [y-*?PJATP and the PKC-specific substrate Hl-peptide or delta-peptide in a Ca’*-free medium, and the **P incorporation
into the substrate peptides was determined as detailed in “Materials and Methods.” Where indicated, the following additions
were made: PMA/PS. 100 nM PMA + 140 pg/mL PS; Ca™, free Ca’™ concentration set to 0.75 mM by CaCl,. Mean values
of duplicates from a representative experiment out of three (H1-peptide) or two (delta-peptide) similar experiments are shown.

and delta-peptide, which better reflects the activity of
Ca’™ -insensitive isoforms of PKC [31].

As shown in Table 1, neutrophil lysates contained a
relatively high phosphotransferase activity in the absence
of PMA/PS and Ca’*, which was probably due to the
intensive proteolytic cleavage of PKC that occurred even in
the presence of protease inhibitors and that gave rise to an
unregulated catalytic subunit [29]. Addition of PMA and
PS to the neutrophil lysate in the absence of Ca** caused
an increase in the PKC activity representing the PMA-
dependent, Ca’*-independent PKC isoforms. Addition of
Ca’* to this reaction mixture caused a further activation,
demonstrating the presence of PMA- and Ca®*-dependent
PKC activity. As seen in Table 1, erbstatin-A at 25 uM or
100 uM concentration caused no significant inhibition of
any of the PKC fractions detected by either the H1-peptide
or the delta-peptide substrate.

These results show that inhibition of degranulation and
O; production by erbstatin-A cannot be ascribed to a
direct action of the drug on PKC activity itself.

The inhibitory action of erbstatin-A on the O, produc-
tion induced by the applied stimuli could be explained by a
direct effect of the drug on the respiratory burst oxidase
itself. To test this possibility, we measured the effect of the
drug on the assembled NADPH oxidase in the cell-free
activation system. Erbstatin-A caused no significant inhi-
bition of the enzyme at concentrations that completely
blocked O, production in intact cells (data not shown).
Thus, the inhibitory action of the drug on the respiratory
burst in intact cells is probably not due to a direct influence
on the respiratory burst oxidase.

Effect of PD98059 on the Phosphorylation
of MAP Kinase

PD98059 was originally described as a specific inhibitor of
platelet-derived growth factor-induced MEK activation in
Swiss 3T3 fibroblasts [34]. We tested whether the inhibi-

tory action of the drug on MEK activation was also exerted

in human neutrophils. Phosphorylation of MAP kinases by
MEK induces a decrease in the electrophoretic mobility of
the MAP kinase protein. As shown in Fig. 3A, treatment of
the neutrophils with 1 uM MLP shifted the p42mer*
immunoreactive band to a higher apparent molecular
weight, and this shift was prevented by pretreating the cells
with 30 wM PD98059. Densitometric analysis (Fig. 3B)
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FIG. 3. Effect of PD98059 on fMLP-induced MAP kinase
phosphorylation. Human neutrophils were preincubated with or
without 30 pM PD98059 followed by stimulation with 1 uM
fMLP. The electrophoretic mobility of p42™** kinase was
detected and quantified as detailed in “Materials and Methods.”
A representative immunoblot (A) and the result of densitomet-
ric analysis of p42™*** mobility (B) are shown. In B, each bar
represents the mean of results from two independent experiments.
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tevealed that PD98059 reduced the MAP kinase phosphor-
ylation by 90%. Thus, similarly to previously investigated
cell types, PD98059 exerted its strong inhibitory effect on
MEK activity in human neutrophils as well.

Tyrosine Phosphorylation of Proteins
of Neutrophil Granulocytes

Activation of neutrophil granulocytes was shown to induce
the phosphorylation of several proteins on tyrosine resi-
dues, although the phosphorylation patterns reported by
different groups are not completely consistent [5-14]. In our
experiments, activation of the cells by 1 uM fMLP resulted
in an increase in the tyrosine phosphorylation of protein
bands at ~42 kDa, =58 k]Da, =~64 kDa, =110 kDa, ~150
kDa, and ~200 kDa (Fig. 4). The phosphorylation of these
bands was clearly inhibited both by genistein (Fig. 4A) and
by erbstatin-A (Fig. 4B) in concentrations comparable to
the concentration where the biological responses were
abolished. Similar results were obtained when the neutro-
phils were stimulated by PMA (data not shown). Thus, the
inhibitory action of the two drugs on the investigated
effector responses may be the consequence of inhibition of
tyrosine kinase activity.

DISCUSSION

In the experiments described above, the two investigated
effector functions of neutrophil granulocytes were inhibited
both by genistein and erbstatin-A (Figs. 1 and 2). The
effective concentration of the drugs corresponds to the
concentration previously shown to inhibit tyrosine kinases
in neutrophils and in other cell types [9, 11, 22, 33].
Neither of the drugs influenced the Ca®” signal induced by
the chemotactic receptor agonist fMLP, suggesting that
their site of action was not upstream to elicitation of the
Ca’* signal. The activity of protein kinase C was not
impaired by erbstatin-A, and both compounds effectively
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inhibited tyrosine phosphorylation of several proteins upon
cell stimulation (Fig. 4). All these data are in accord with
the presumption that the two agents exerted the observed
effects through inhibition of tyrosine kinases in neutrophil
granulocytes.

The observation that the degranulation response of
neutrophil granulocytes is impaired by two different ty-
rosine kinase inhibitors (Figs. 1 and 3) clearly indicates the
involvement of tyrosine kinases in the organization of the
exocytosis of primary granules. The inhibitory effect of
erbstatin-A on fMLP-induced degranulation is in apparent
contradiction with previously published data [22]. How-
ever, it should be considered chat in those experiments cells
were preincubated with erbstatin for 1 h at 37° and then
washed free of the inhibitor before testing, whereas in our
experiments cells were incubated with a more stable analog
of erbstatin for only 10 min, and the inhibitor was not
removed. Degradation of erbstatin [33] and the reversible
nature of the inhibition may account for the different
results obtained under the differing experimental condi-
tions.

Although both genistein and erbstatin-A were able to
inhibit the degranulation response under certain condi-
tions, a significant difference was detected in their effec-
tiveness depending on the nature of the stimulating agent
(Fig. 1). Degranulation induced by chemotactic receptor
agonists (fMLP and PAF) was inhibited both by genistein
and erbstatin-A. In contrast, exocytosis evoked by activa-
tion of protein kinase C by phorbol ester was only blocked
by erbstatin-A. This finding suggests that different tyrosine
kinases (or different sets of tyrosine kinases) may partici-
pate in the signal transduction pathways triggered by
receptor stimulation or by protein kinase C activation.

Investigation of degranulation and the respiratory burst
revealed the same pattern of inhibition by genistein and
erbstatin-A. However, O; production seemed to be mark-
edly more sensitive to the effect of the two drugs, even
when the two responses were measured under identical
conditions. This difference raises the possibility that dis-
tinct sets of tyrosine kinases may be involved in the
organization of the two effector responses or that a different
level of activity of the same kinases is required for degran-
ulation and NADPH oxidase activation.

The best characterized signaling protein shown to be-
come tyrosine phosphorylated during neutrophil activation
is MAP kinase, phosphorylated on tyrosine and threonine
residues by the dual specificity kinase MEK. PD98059, a
recently described inhibitor of MEK, did in fact inhibit the
fMLP-induced phosphorylation of MAP kinase in neutro-
phil granulocytes. However, the drug caused no consider-
able inhibition of any of the effector responses tested,
suggesting that the MAP kinase cascade does not play a
major role in the mediation of the signals leading to the
respiratory burst or primary granule exocytosis in human
neutrophils.

Taken together, the data presented in this paper clearly
indicate that, in addition to the respiratory burst, tyrosine
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kinases are also involved in the organization of the degran-
ulation response of neutrophil granulocytes. On the basis of
our pharmacological data, the possibility is raised that
several different tyrosine kinases may participate in the
transduction of the signals originating from the cell envi-
ronment. Furthermore, our results argue against the in-
volvement of the MAP kinase cascade in the signaling
pathways coupling stimulation of chemotactic receptors to
the respiratory burst or primary granule exocytosis in
human neutrophil granulocytes.
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