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Abstract-Upon stimulation by various ligands, freshly isolated human peripheral neutrophils (PMN) 
respond in a variety of ways, such as superoxide (0;) generation, phagocytosis, enzyme release, 
migration etc. Chemotactic peptide formylmethionyl-leucyl-phenylalanine (FMLP) and opsonized zymo- 
san activate neutrophils by a receptor-mediated mechanism, while phorbol myristate acetate and 
dioctanoylglycerol activate the cells by a mechanism involving Ca2+- and phospholipid-dependent protein 
kinase (PKC). Receptor-mediated but not PKC-mediated 0; generation in PMN was enhanced by the 
priming of recombinant human granulocyte colony stimulating factor (G-CSF). FMLP-dependent 
luminol chemiluminescence was also enhanced by G-CSF. However, no appreciable enhancement was 
observed in FMLP-induced intracellular calcium ion concentration ([Ca2+],). Enhancement of FMLP- 
induced generation of 0; by G-CSF was inhibited by genistein or &-cyano-3-ethoxy-4-hydroxy-S- 
phenylthiomethylcinnamamide (ST 638), inhibitors of tyrosine kinase (TK), and was stimulated by 
staurosporine and 1-(5-isoquinolinesulfonyl)-3-methyl-piperazine (H-7), inhibitors of PKC. The ED% 
values of genistein and ST 638 for the inhibition of the FMLP-induced 0; generation from G-CSF were 
0.5 and 5 PM, respectively. In contrast, 0; generation by PKC activation without G-CSF priming was 
inhibited by stauroporine and H-7, but was stimulated by genisten and ST 638. These results suggested 
that the enhancing effect of G-CSF on receptor-mediated generation of the 0; might be regulated by 
protein kinases, such as TK and PKC, and that the TK inhibitor selectively inhibited the G-CSF-primed 
receptor-mediated 0; generation of neutrophils. 

Since peripheral neutrophils of healthy human 
subjects are not primed, stimulation-dependent 
responses of these cells are weak. However, when 
primed by human tumor necrosis factor-a (TNF-(~11) 
[ 11, granulocyte-macrophage colony stimulating 
factor (GM-CSF) [2] or lipopolysaccharide (LPS) 
[3], they react strongly to various stimuli. Exposure 
of primed neutrophils to a variety of stimuli triggers 
the so-called “respiratory burst” in which superoxide 
radicals generated by neutrophils are converted to 
more reactive species of active oxygen with 
microbicidal action [4,5]. The initial reaction to 
form superoxide (0;) is the NADPH-dependent 
one-electron reduction of molecular oxygen by 
NADPH-oxidase [6]. Since phorbol12-myristate 13- 
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acetate (PMA) can activate neutrophils and produce 
O;, Ca2+ and phospholipid-dependent protein 
kinase (PKC) might be involved in stimulation- 
dependent 05 generation [7]. However, an inhibitor 
of PKC and cyclic nucleotide-dependent protein 
kinase, H-7, failed to inhibit neutrophil responses 
induced by formylmethionyl-leucyl-phenylalamine 
(FMLP) [8]. Thus, the role of PKC in the mechanism 
of NADPH-oxidase activition remains to be 
elucidated [9-121. This raises the question as to 
whether other protein kinases may also be involved 
in signal transduction in neutrophils. PKC-dependent 
and independent activation of NADPH-oxidase in 
human neutrophils has been described recently [13]. 
Furthermore, it has been found that tyrosine kinase 
(TK) is distributed in both cytosolic and membrane 
fractions of neutrophils, and that the TK inhibitor 
inhibited particulate but not cytosolic TK activity 
and the ligand-mediated 0: generation of intact 
human peripheral blood polymorphonuclear leu- 
kocytes (PMN) [14]. Similar regulation of tyrosine 
phosphorylation as an early event in FMLP 
stimulation was also observed in rabbit peritoneal 
neutrophils [ 151. It has also been reported that GM- 
CSF primed PMN and increased the tyrosine 
phosphorylation of cytoplasmic proteins with mol- 
ecular masses of 118,92,78, 54 and 40 kDa [16]. A 
similar enhancement of tyrosine phosphorylation by 
GM-CSF and platelet-activating factor was observed 
by other investigators [17,18]. Thus, the enzymic 
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mechanism for NADPH-oxidase activation is still 
poorly understood. In a previous paper, we described 
the two possible pathways for stimulation-coupled 
0; generation in PMN. One pathway involves TNF- 
a-primed and receptor-mediated 0; generation 
which is sensitive to TK inhibitors, and the other 
involves PKC mediated 0; generation which is 
sensitive to PKC inhibitors [19]. 

Granulocyte colony stimulating factor (G-CSF) is 
a lineage-specific hematopoietin and is a glycoprotein 
with 174 (human) or 178 (murine) amino acids. This 
cytokine is likely to play a role in the regulation of 
neutrophil production as well as being a regulatory 
factor controlling the neutrophil response to 
inflammatory stimuli. G-CSF specifically stimulates 
colony formation of neutrophilic granulocytes from 
the bone marrow and stimulates differentiation 
of myeloblasts [20,21]. G-CSF also stimulates 
proliferation of murine and human myeloid leukemia 
cells, such as NSF-60 [22], AML-193 [23] and OCl/ 
AML 1 cells [24]. Furthermore, G-CSF exhibits 
other biological activities, such as modulation of 
neutrophil functions. It has been reported that G- 
CSF potentiates responses triggered by receptor- 
mediated agonists [25] and enhances 0; release in 
human granulocytes stimulated by chemotactic 
peptide [26], and that the priming action of G-CSF 
is different from that of GM-CSF, quantitatively and 
qualitatively [27]. Thus, the effect of G-CSF on the 
responses triggered by receptor-mediated agonists 
should be studied to understand the mechanism for 
neutrophil priming and NADPH-oxidase activation. 

The present study shows the selective enhancement 
of ligand-mediated responses of PMN by recombinant 
human G-CSF. We also describe the modulation of 
G-CSF-enhanced generation of 0; by various 
protein kinase inhibitors, such as genistein [28], 
(Y - cyano - 3 - ethoxy - 4 - hydroxy - 5 - phenylthio- 
methylcinnamamide (ST 638) [14], 1-(5isoquino- 
linesulfonyl)-3-methyl-piperazine (H-7) [8,29] and 
staurosporine [30]. 

MATERIALSANDMETHODS 

Chemicals. Ferricytochrome c (Cyt. c), FMLP, 
PMA, superoxide dismutase, staurosporine and 
zymosan were purchased from the Sigma Chemical 
Co. (St Louis, MO, U.S.A.). H-7 was purchased 
from the Seikagaku Kogyo Co. (Tokyo, Japan) and 
~-a-1,2 dioctanoyl glycerol (DOG) was obtained 
from the Funakoshi Co. (Tokyo, Japan). Cyanine 
dye, 3,3’-dipropylthiadicarbocyanine iodide, iyas 
donated by the Kankoshikiso Research Institute 
(Okayama, Japan). G-CSF was donated by the 
Chugai Pharmaceutical Co. (Tokyo, Japan). TNF- 
LY was donated by the Hayashibara Bioscience 
Research Institute (Okayama, Japan) and ST 638 
was kindly provided by Dr Tadayoshi Shiraishi, 
Biochemical Research Laboratory, Kanegafuchi 
Chemical Industry Co. (Hyogo, Japan). Fura- 
acetomethoxy pentaester, purchased from Dojindo 
Laboratories (Kumamoto, Japan), was used in 
solution with dimethylsulfoxide at dimethylsulfoxide 
concentrations less than 30 PM. All other chemicals 
used were of analytical grade and were obtained 

from the Nakarai Tesque Co. (Kyoto, Japan). 
Luminol was used as a triethylamine solution [5]. 

Stimulation of neutrophils. FMLP (1.25 x 10es M) 
and opsonized zymosan (OZ, 200-400 yg/mL) were 
used for the receptor-mediated activation of 
neutrophils. PMA (l-3 x 10v9M) and DOG (0.3- 
1 X 10e6M) were used as activators of PKC. 

Preparation of humanperipheral neutrophils. PMN 
were isolated from the venous blood of healthy 
human subjects by Ficoll-Hypaque density gradient 
centrifugation. Isolated neutrophils were washed 
twice with Krebs-Ringer-phosphate buffer solution 
(KRP, pH7.4) [19]. Cells were counted and 
resuspended in KRP at a concentration of 
1 X lo8 cells/ml. Cell viability was tested by trypan 
blue dye exclusion test. 

Measurement of 0; generation. 0; generation 
was assayed by reduction of Cyt. c using a dual beam 
spectrophotometer (Shimadzu UV 300) equipped 
with a water-jacketed cell holder and magnetic stirrer 
[5]. The reaction mixture contained a final volume 
of 2 mL KRP, 1 mM CaCl, 20 PM Cyt. c, 10 mM 
glucose and 0.2-l x lo6 cells/ml. The reaction was 
initiated by adding a ligand in the presence or 
absence of various concentrations of G-CSF, and 
the change in absorbance at 550-540nm (Ass&& 
was monitored at 37”. The rate of 0; generation 
was calculated from the superoxide dismutase- 
inhibitable Cyt. c reduction using the extinction 
coefficiency of 21.0 mM_’ [31]. 

Measurement of luminol chemiluminescence 
(LCL). LCL experiments were performed using an 
ATP photometer (All Co. Type 401) or calcium 
analyser (Jasco CAF 100, aequorin chemi- 
luminescence mode) equipped with a thermostatically 
controlled cuvette holder and a magnetic stirrer [5]. 
The reaction mixture contained, in a final volume 
of 1 mL KRP, l-10 x 10m5 M luminol, 0.2-l x 106 
cells and other additions. The reaction was initiated 
by adding a test ligand in the presence or absence 
of various concentrations of G-CSF, and light 
emission was recorded for 15 min at 37”. LCL was 
determined by measuring its peak height (counts per 
minute) or by calculating the area under the LCL 
light curve (intregral LCL). 

Measurement of intracellular Ca2+ concentration. 
The intracellular calcium ion concentration 
([Ca2’]i) was calculated from changes in the 
fluore, .:ence inicnsity of Fura-Zloaded PMN (2 x lo6 
_ ;lls/mL). The loading of Fura- and the calibration 
of Fura-2-Ca2+ as a function of [Ca’+]i were 
essentially the same as described by Ozaki and Kume 
[32]. The fluorescence intensity of Fura-2-loaded 
PMN was measured with a calcium analyser (Jasco 
CAF 100) at 37” in the presence or absence of G- 
CSF. 

RESULTSANDDISCUSSION 

Enhancement of FMLP-dependent 0: generation in 
PMN by G-CSF 

Without treatment with G-CSF, the degree of 
05 generation of FMLP-stimulated PMN was very 
low. As reported previously [25], PMN were primed 
by G-CSF, and FMLP-induced 0; generation was 
increased significantly by incubation with 50 ng/mL 
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Fig. 1. Enhancement of FMLP-induced 0; generation by G-CSF and its dependence on the FMLP 
concentration. PMN (1 x lo6 cells/ml) were incubated at 37” in 2 mL of KRP containing 1 mM CaClr, 
10 mM glucose, 20 PM Cyt. c, in the presence or absence of G-CSF and various concentrations of FMLP. 
The change in absorbance at 550-540nm (A ssW& was monitored and 0; generation was calculated 
from superoxide dismutase-inhibitable Cyt. c reduction. (a) 0; generation (nmol/5 mitt/lo6 cells) in 
FMLP-stimulated PMN after preincubation with or without 50 ng/mL G-CSF for 10 min (0) in the 
presence of G-CSF (0) in the absence of G-CSF. (b) Stimulation of 0; generation by G-CSF in the 
response to various concentrations of FMLP was expressed as percentage increase by 50 ng/mL G-CSF. 

Each data point is the mean + SE of triplicate incubations. 

G-CSF. The enhanced response of FMLP-stimulated 
cells was 5-fold higher than that of controls cells 
(Fig. la and b). However, the rates of enhancement 
differed with different concentrations of FMLP; 
higher responses occurred with lower FMLP 
concentrations than with higher concentrations (Fig. 
lb). In contrast, PMA failed to enhance 0; 
generation of G-CSF-primed PMN (data not shown) 
as observed by Yuo et al. [26]. Similar results were 
also observed with PMN which were primed by 
TNF-(U [33,34]. 

Enhancement of stimulus-dependent 0; generation 
by G-CSF 

Stimulus-dependent 05 generation was enhanced 
by G-CSF concentration dependently (Fig. 2a and 
b). The half maximum concentration for priming 
was about 50 ng/mL. In contrast, the rate of 05 
generation induced by PKC activators (PMA or 
DOG) was very high without priming by G-CSF: no 
stimulatory action of G-CSF was observed even at 
a concentration of 100 ng/mL (Fig. 2b). These results 
suggested that ligand-mediated 0; generation of 
neutrophils was highly sensitive to priming by G- 
CSF. The priming action of G-CSF also depended 
on the preincubation time before treatment with 
FMLP (Fig. 3). Longer than 15 min was required to 
obtain maximal stimulation and half-maximal 
stimulation was obtained at about 8 min. These 
profiles of G-CSF action were quite similar to those 
of TNF-(u [19]. 

Effects of G-CSF on stimulus-dependent LCL 

Reactive oxygen species released by neutrophils 
involve O;, H202, *OH, ‘02 and OCl- [5,34,35]. 
0; generation is the initial step to produce various 
active oxygen species. It is believed that LCL reflects 
mainly OCl- and -OH. The FMLP-induced LCL 

response of PMN was very small and no significant 
effect was observed with 50 ng/mL G-CSF. However, 
the FMLP-induced LCL response was strongly 
increased by G-CSF in a concentration-dependent 
manner (Fig. 4a). Similar enhancement of LCL by 
G-CSF was also seen with OZ stimulation (data not 
shown). In contrast, its effect was very small with 
PMA-induced stimulation. Similar effects of G-CSF 
were also observed with a DOG-induced LCL 
response (data not shown). Thus, the degree of 
response to each stimulus differed significantly and 
the enhancing effect was greater with receptor- 
mediated ligand than that observed with PKC 
activator (Fig. 4b). In this case, the order of LCL 
enhancement was similar to that of 0; generation. 
These results suggest that the enhancement by G- 
CSF of the receptor-mediated LCL response of PMN 
depends on the oxygen species derived from 
enhanced 0; production. 

Effect of G-CSF on the [Ca*+]i of PMN 

[Ca*+]i plays an important role in cell signal 
transduction. FMLP, but not PMA, transiently 
increased neutrophil [Ca*+]i [32] as determined by 
the Fura- method [36]. When calcium ions were 
added exogenously, the [Ca*+]i increased transiently 
(Fig. 5) and reached a stationary phase. This change 
was attributed to an influx of external Ca*+, and was 
not affected by preincubating cells with G-CSF. The 
[Ca*+]i was changed further by adding FMLP. 
However, no significant change in the [Ca*+]i or in 
FMLP-induced responses was found even after 
30 min preincubation with G-CSF. 

Effects of protein kinase inhibitors on priming by G- 
CSF 

We previously reported strong inhibition of ligand- 
dependent 0; generation in TNF-m-primed PMN 
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Fig. 2. Enhancement of stimulus-dependent 0, generation by G-CSF and its dependence on the G-CSF 
concentration. Experimental conditions were the same as described in Fig. 1. Concentrations of FMLP, 
OZ, PMA and DOG were 1.25 X lo-“M, 2OOyg/mL, 1 X 10m9 M and 0.7 X lo-‘M, respectively. 
Values of G-CSF dose-response for the stimulus-dependent 0; generation are expressed as the means 
f SE of 3-5 separate experiments, and are presented as percentages of control. Control 0; production 
(nmol/S min/106 cells) of PMN by the treatment with FMLP, OZ, PMA and DOG was 0.42 2 0.7, 
0.11 2 0.03,11.3 -t 3.25 and 3.58 * 1.26, respectively. (a) Actual traces of 0; generation in the presence 
of various concentrations of added G-CSF (ng/mL). (b) % increase by G-CSF; (0) FMLP, (A) OZ, 

(0) PMA, (A) DOG. 
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Fig. 3. Effect of preincubation time with G-CSF on the 
FMLP-induced 0; generation of PMN. Experimental con- 
ditions were the same as described in Fig. 1. Concentrations 
of FMLP and G-CSF were 1.25 x lOen M and 50 ng/mL, 
respectively. Each data point is the mean * SE of triplicate 

incubations. 

by TK inhibitors [19]. A similar inhibitory effect of Without priming of PMN, the rate of 0; 
TK inhibitors on FMLP-dependent 0; generation generation induced by 1 X 10mg M PMA or 
by G-CSF-primed PMN was observed. Figure 6a 7 x lo-‘M DOG was very high, and both PMA- 
shows the FMLP-induced 0; generation by G-CSF- and DOG-induced 0; generation was inhibited by 
primed PMN and its inhibition by genistein, an 10 nM staurosporine and 50 ,uM H-7 (Fig. 7). In 
inhibitor of TK [28]. The inhibitory action of contrast, the PMA- or DOG-induced 0; generation 

genistein depended on its concentration (Fig. 6a and 
b), and the EDGE was 0.5 ,uM. The concentration- 
dependent inhibition by genistein occurred similarly 
to that of FMLP-induced 0; generation by TNF-LX- 
primed PMN [19]. Furthermore, similar inhibition 
was induced by another TK inhibitor, ST 638 [14] 
(Fig. 6b). In contrast, FMLP-induced 0; generation 
by G-CSF-primed PMN was increased further by 
treating with low concentrations of H-7 and 
staurosporine, protein kinase C inhibitors [29,30] 
(Fig. 6a and b), as was observed for FMLP-induced 
0; generation by TNF-a-primed PMN [19]. 
Maximum stimulation was observed at 25 nM 
staurosporine and 25 PM H-7. PKC inhibitors at 
these concentrations inhibited the 0; generation 
induced by PMA. These results suggested that TK 
is involved in FMLP-mediated 0; generation by 
PMN which were pretreated with G-CSF and that 
PKC and TK regulate the activation mechanism of 
NADPH-oxidase. 

Effect of protein kinase inhibitors on PMA- and 
DOG-induced 0; generation 
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Fig. 4. Effect of G-CSF on stimulation-dependent LCL response in PMN. LCL was measured in the 
same medium as that described in the legend for Fig. 1 except that 100 PM luminol was added instead 
of Cyt. c. LCL was monitored by a calcium analyser. Concentrations of FMLP and PMA were 1.25 x lo-* 
and 1 x 10m9 M, respectively. (a) FMLP-induced LCL response after 10 min preincubation with various 
concentrations of G-CSF; concentrations of added G-CSF (ng/mL) are indicated. (b) % increase in 
stimulation-dependent LCL response with various concentrations of G-CSF; (0) 1.25 x 10m8 M FMLP- 
induced LCL, (0) 1 x 10e9M PMA-induced LCL; each data point is the mean * SE of triplicate 

incubations. 
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Fig. 5. Effect of G-CSF on the stimulation-coupled changes 
in [Ca’+J of PMN. Fura-2-loaded PMN (2 X lo6 cells/ml) 
were incubated in KRP (pH 7.4) containing 10 mM glucose. 
Changes in fluorescence at 37” were measured by a calcium 
analyser. The concentrations of calcium, FLMP, Triton X- 
106, Tris and EGTA were 1 mM, 2.5 X 10eR M, O.l%, 
5mM and 5mM, respectively. Solid line represents the 
trace after preincubation with 50 ng/mL of G-CSF; broken 

line represent the trace without G-CSF. 

was stimulated by 25 PM genistein and 20 PM ST 
638. These concentrations of TK inhibitors can 
inhibit FMLP-induced 0; generation by G-CSF- 
primed PMN. These data suggest that PKC is 
involved in PMA- or DOG-mediated activation of 
NADPH-oxidase and that the activation mechanism 
of the oxidase is regulated by both PKC and TK. 

The present study, confirmed our previous 
observations [19,35] and those of Yuo and coworkers 
[25,26] that G-CSF enhanced the receptor-mediated 
stimulation of 0; generation without affecting the 
increase in [Ca’+]i. Furthermore, we found that G- 
CSF enhanced the receptor-mediated LCL response 
in PMN. The enhancement by G-CSF, however, 
was not observed with the responses mediated by 
PKC activators, such as PMA and DOG. These 
findings suggest that stimulus-coupled responses of 
PMN are enhanced by G-CSF through signal 
transduction mechanisms other than changes in 
[Ca’+]i and activation of PKC as reported by Yuo 
et al. [26]. The priming action of G-CSF was quite 
similar to that of TNF-(U [19,34,37]. 

From studies with neutrophils from patients with 
chronic granulomatous disease, a mechanism for 
NADPH-oxidase activation by PMA has been 
postulated to involve a PKC-dependent pathway 
[lo, 11,381. However, some groups have argued 
against this hypothesis [39-41], and Watson et al. 
[42] have proposed two pathways for the activation 
of NADPH-oxidase: one involves PKC-dependent 
phosphorylation and the other is PKC independent. 
Thus, the role of PKC in NADPH-oxidase activation 
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Fig. 6. Effects of protein kinase inhibitors on the G-CSF-primed FMLP-induced 0, generation of PMN. 
Experimental conditions were the same as described in Fig. 1. PMN (1 X lo6 cells/ml) were preincubated 
with 50 ng/mL G-CSF for 10 min, and stimulated with 1.25 x 10m8 M FMLP in the presence of 5 PM 
staurosporine and 18.5 PM genistein ai 37”. Various inhibitors were added with G-CSF. (a) 0; generation 
monitored by Cyt. c reduction. (b) Dose-response curves of various inhibitors for the inhibition of G- 
CSF-primed FMLP-induced 0; generation; each point is the mean 2 SE of triplicate incubations; (0) 

H-7, (A) staurosporine, (0) genistein, (A) ST 638. 
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Fig. 7. Effect of protein kinase inhibitors on PMA- and 
DOG-induced 0: generation. PMN (1 x lo6 cells/ml) 
were incubated in the medium of KRP containing 1 mM 
CaClr, 10 mM glucose, 20 PM Cyt. c in the presence or 
absence of 10 nM staurosporine, 50pM H-7, 25 PM 
genistein and 10 PM ST 638 at 37”. The concentrations of 
PMA and DOG were 1 x 10m9 and 7 X lo-‘M, respect- 

ively. Data are means + SE of triplicate experiments. 

remains to be elucidated. In this experiment, we 
found that when suboptimal concentrations of stimuli 
were used the PKC inhibitors inhibited the PMA- 
or DOG-induced 0; generation of PMN whereas 
the TK inhibitors stimulated it. In contrast, FMLP- 
induced 0; generation of G-CSF-treated PMN was 
stimulated by low concentrations of H-7 and 
staurosporine, while it was inhibited by genistein 
and ST 638 as was observed for TNF-a-induced 
priming of PMN [19]. A variety of evidence has 

accumulated concerning the tyrosyl phosphotylation 
of neutrophils by treatment with priming agents [lS- 
181. In a preliminary experiment, we observed a 
similar activation of tyrosyl phosphorylation of PMN 
on treatment with G-CSF, indicating that G-CSF 
may activate TK activity through a unique 
mechanism. This, taken together with the present 
findings, suggests that both PKC and TK are involved 
in the mechanism for FMLP-induced 0; generation 
by G-CSF-primed PMN as was the case with FMLP- 
induced 0; generation by TNF-a-primed PMN [ 191. 
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