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Abstract

Since granulocyte colony-stimulating factor (G-CSF) is
thought to be a granulocyte lineage-specific cytokine, G-CSF
receptors on blood cells other than those of granulocyte or
monocyte lineage have not been well investigated. Wenow re-
port that G-CSF receptors are present on platelets. The expres-
sion of G-CSF receptors on platelets was demonstrated by flow
cytometry and radioreceptor assay. The mean number of G-
CSF-binding sites per cell was 41 and the binding affinity was
high (Kd 300 pM), similar to the affinity observed on granulo-
cytes. Cross-linking assay revealed that G-CSF receptors were
present on a single subunit protein of approximately 150 kD on
the platelets. To clarify whether or not G-CSF might produce
some direct functional influence on platelet response, the ef-
fects on platelet aggregation were studied. Although G-CSF
itself did not affect platelet aggregation in vitro, preincubation
with G-CSF augmented a secondary aggregation of platelets
induced by low concentrations of adenosine diphosphate
(ADP). There was a dose-response relationship for this G-
CSFactivity at concentrations of up to 10 ng/ml. Furthermore,
the augmented ADP-induced secondary aggregation of plate-
lets on G-CSF receptors was completely abrogated in the pres-
ence of anti-G-CSF polyclonal antibodies. These results indi-
cate that platelets possess functional G-CSF receptors. (J.
Clin. Invest. 1993. 91:1310-1313.) Key words: cytokine * flow
cytometry * aggregation * adenosine diphosphate

Introduction

Granulocyte colony-stimulating factor (G-CSF) is one of the
cytokines that regulate hematopoiesis ( 1, 2). It is well known
that G-CSF stimulates the proliferation of those precursor cells
specific to granulocytic lineage (3) and augments the func-
tional activities of granulocytes (4-7). Since the action of G-
CSF is mediated by a specific G-CSF receptor, investigations
concerning the surface G-CSF receptors of hematopoietic cells
have been widely carried out. Although high affinity G-CSF
receptor has been demonstrated on blood cells such as granulo-
cytes (8, 9), monocytes (8), and myeloid leukemia cells (10-
12), G-CSF receptor on platelets has not been hitherto docu-
mented. Weherein report not only that platelets possess high
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affinity G-CSFreceptors, as demonstrated both by flow cytome-
try and by radioreceptor assay techniques, but also that G-CSF
is able to alter the aggregation response of platelets.

Methods

Platelets. Weobtained peripheral blood from five healthy volun-
teers and added 0. 1 volume of citrate as the anticoagulant. The citrated
peripheral blood was spun for 10 min at 1,000 g, and platelet-rich
plasma (PRP)' was obtained. After centrifugation of PRPat 1,400 g
for 10 min, platelet-poor plasma was removed, and the platelets were
then resuspended in platelet washing buffer (9 mMNa2EDTA, 26.4
mMNa2HPO4 - 2H20, 140 mMNaCl, pH 7.2) for further use. The
platelet and white blood cell numbers were counted using an electric
hemocytometer, Celltac (Nihon Kohden, Tokyo, Japan). The contam-
ination with white blood cells was less than 1 cell per 1,000 platelets.

Flow cytometry. Wehave developed a fluorescence method for the
detection of G-CSF receptors ( 13 ). Briefly, G-CSF (Kirin Breweries,
Tokyo, Japan) reacted with biotinyl N-hydroxy succinimide ester
(EOY LABS, San Mateo, CA) to yield biotinylated G-CSF(b-G-CSF),
and this b-G-CSF retained sufficient ability to stimulate colony forma-
tion by normal bone marrow cells in methylcellulose. Platelets were
resuspended in reaction buffer (Dulbecco's Ca++Mg++-free phos-
phate-buffered saline containing 0.1 %BSAand 0.1 %sodium azide). 1
x 106 platelets were incubated with 145 ng of b-G-CSF in 100 Al of
binding buffer for 30 min at 24°C. As controls, either the binding
buffer alone or b-G-CSF in the presence of a 100-fold excess of unla-
beled G-CSF was added instead of b-G-CSF. After being washed three
times with reaction buffer, 50 ng of streptavidin-PE (Becton Dickin-
son, Mountain View, CA) were added to the pellets. This mixture was
then incubated for 30 min at 4°C. Weset the analysis window on the
platelet area according to the forward light scatter and side light scatter
and performed the fluorescence analysis using a FACScanO (Becton-
Dickinson). Platelets in this window were positive for both CD41b
(TP80; Nichirei, Tokyo) and CD42b (Human platelet GPIb; Takara
Syuzou, Tokyo).

Radioreceptor assay. Radioreceptor assay for G-CSF using 125w-la-
beled G-CSF has been described by us elsewhere ( 10). Briefly, platelets
(6 X 106) in 200 Al of reacting buffer (Iscove's modified Dulbecco
medium with 0.2% BSA) containing various concentrations of '25I-G-
CSF, either with or without a 100-fold excess of unlabeled G-CSF, were
incubated for 2 h at 24°C. The specific binding was determined from
the amount of binding blocked by competition with a 100-fold excess
of unlabeled G-CSF. The data from the binding experiments were ana-
lyzed by the method of Scatchard.

Cross-linking of '25I-G-CSF to its receptors. '25I-G-CSF at 300 pM
was incubated with 3 x 101 platelets in 1 ml of binding buffer in the
presence or absence of a 100-fold excess of unlabeled G-CSF for 2 h at
room temperature. After the incubation, chemical cross-linking experi-
ments were performed using reported methods (9). The cell pellet was
resuspended in 0.5 ml of cold PBSand incubated with disuccinimidyl
suberate (DSS, Pierce Chemical Co., Rockford, IL) (final concentra-
tion of DSS, 0.9 mM)at 4°C for 15 min. The reaction was quenched by

1. Abbreviations used in this paper: b-G-CSF, biotinylated G-CSF;
PRP, platelet rich plasma.
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adding 1 ml of cold Tris-HCl buffer (10 mM, pH 7.4) with 1 mM
EDTA. The tubes were centrifuged, and the resultant cell pellet was
solubilized in 40 Ml of 25 mMTris-HCl buffer (pH 7.4) containing 1%
Triton X-100 and 1 mMphenylmethylsulfonylfluoride (Sigma Chemi-
cal Co., St. Louis, MO). After 10 min of incubation on ice, the tubes
were centrifuged at 15,000 g for 10 min at 4VC. The extracted cell
surface proteins were mixed with 20 A1 of two-fold concentrated
Laemmli's sample buffer and then boiled for 5 min. The sample was
loaded onto 8%polyacrylamide/NaDodSO4 gels. The gels were stained
(50% trichloroacetic acid, 0. 1%Coomassie blue), destained (7% acetic
acid), dried, and then autoradiographed using an Imaging Analyzer
(BAS system, Fuji Film, Tokyo, Japan).

Measurement of platelets aggregation. Several concentrations of
G-CSF in 5 ,l of 0.004% tween 80, 5%mannitol, 10 mMacetate buffer,
pH 4.0 or solvent alone were added to 200 Ml of PRP, 15 min prior to
the addition of adenosine diphosphate (ADP 1.5 AtM). The aggregation
of platelets was measured using an NBSHEMATRACER6 (Nikou
Bioscience, Tokyo, Japan) maintaining the cuvette temperature at
370C and the stirring speed at 1,000 rpm.

Blocking assay was performed using IgG purified from rabbit anti-
human rG-CSF polyclonal antibodies ( 14). This polyclonal antibody
against rG-CSF completely inhibited the in vitro colony formation of
bone marrow cells induced by G-CSF ( 14). Either solvent alone, 10
ng/ml G-CSF plus 2 gg/ml rabbit preimmune IgG, 10 ng/ml G-CSF
plus 2 Ag/ml rabbit polyclonal antibodies against G-CSF, or 2 ,ug/ml
rabbit polyclonal antibodies against G-CSFwas added to PRP, and the
platelet aggregation induced by ADPwas measured as described above.

Results

The expression of G-CSF receptors on platelets was deter-
mined by flow cytometry (Fig. 1 A). Platelets reacted with
b-G-CSF and streptavidin-conjugated PE and showed specific
fluorescence to both b-G-CSF and streptavidin-PE, which was
completely abrogated in the presence of a 100-fold excess of
unlabeled G-CSF. This shift indicates the specific binding of
b-G-CSF to platelets. The G-CSF receptors present on platelets
were characterized by radioreceptor assay using radioiodinated
human rG-CSF (Fig. 1 B). When the specific binding data
were replotted by the method of Scatchard, a primary regres-
sion line was established by calculation, using the least-squares
method. The mean±SD (range) number of G-CSF binding
sites per platelet from five volunteers was 41±7 (37-50), and
the binding affinity was high [Kd 300±150 (277-558) pM].

Following the binding experiments, cross-linking studies of
G-CSF receptors, using the homobifunctional agent DSS, were
performed. As shown in Fig. 2, only one major band ( 170 kD),
possibly corresponding to the '251-G-CSF receptor complex,
was detected under reducing conditions. This band disap-
peared completely when the binding was performed in the pres-
ence of a 100-fold excess of unlabeled G-CSF, indicating that
one species of about 150 kD was one type of component of the
specific receptor for G-CSF, since '251-G-CSF has an approxi-
mate molecular mass of 20 kD.

Investigations were then extended to find out whether or
not G-CSF might show some direct influence on in vitro plate-
let responses using PRPfrom five volunteers. Although G-CSF
itself did not affect platelet aggregation in vitro when added to
PRP(data not shown), preincubation with G-CSF altered the
aggregation response of platelets to ADP. G-CSF at concentra-
tions as low as 0.1 ng/ml substantially enhanced the response
and produced a secondary aggregation of platelets induced by
ADP(Fig. 3 A). There was a dose-response relationship for this
G-CSF activity at concentrations of up to 10 ng/ml.
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Figure 1. The expression of G-CSF receptors on platelets by flow cy-
tometry (A) and radioreceptor assay (B) . (A) Platelets were incubated
with either b-G-CSF ( ), buffer only ( .... ), or b-G-CSF in the
presence of a 100-fold molar excess of unlabeled G-CSF (------
After being washed, streptavidin-PE was added. Abscissas indicate
fluorescence intensity, which reflects the amount of labeled G-CSF
and streptavidin-PE. A high fluorescence signal is shown by a solid
line, which was abrogated in the presence of a 100-fold molar excess
of unlabeled G-CSF. (B) Platelets in binding buffer containing
various concentrations of '25I-G-CSF, either with or without a 100-
fold excess of unlabeled G-CSF, were incubated. The specific binding
was determined from the amount of binding blocked by competition
with a 100-fold excess of unlabeled G-CSF.

Blocking assay was performed using rabbit anti-human G-
CSF polyclonal antibodies (IgG). The augmented ADP-in-
duced secondary aggregation of platelets by G-CSF was com-
pletely abrogated in the presence ofanti-G-CSF polyclonal anti-
bodies (Fig. 3 B), (2), whereas it was not affected in the
presence of preimmune rabbit IgG (Fig. 3 B) (1). Rabbit anti-
G-CSFpolyclonal antibodies alone (Fig. 3 B), (3) did not have
any influence on the ADP-induced secondary aggregation of
platelets.

Discussion

Since G-CSF is thought to be a granulocyte lineage-specific
cytokine (3), G-CSF receptors on blood cells other than those
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Figure 2. Cross-linking of 1251I-G-CSF to
66 > platelets. Binding was performed at
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were analyzed by gradient SDS-PAGE
under reducing conditions.

of granulocyte or monocyte lineage have not been well investi-
gated. Wethen investigated G-CSF receptors on platelets.

The expression of G-CSF receptors on platelets was demon-
strated by flow cytometry (Fig. 1 A) and radioreceptor assay
(Fig. 1 B). The number of G-CSF receptors on platelets was
41+7, and the binding affinity was high (Kd 300±150 pM).
G-CSF receptors on human granulocytes showed similar Kd
(350±90), but with larger numbers of binding sites
(412±158). The contamination with white blood cells was be-
low 1 cell per 1,000 platelets among the platelet samples. Since
the G-CSF receptors on neutrophils were 412±158 per cell, and
since those were not detected on lymphocytes, the effect of
contaminated neutrophils on G-CSF binding sites per platelet
was less than 0.4 per platelet. Wecan therefore exclude the
possible influence of contaminated neutrophils from the plate-
let samples. Moreover a cross-linking assay revealed that G-
CSF receptors were present on a single subunit protein of ap-
proximately 150 kD on the platelets (Fig. 2). The molecular
size of the G-CSF receptor on the platelets was the same as that
previously reported on granulocytes (9).

To clarify whether or not G-CSF might have some direct
functional influence on platelets, platelet aggregation was stud-
ied. Preincubation with G-CSF altered the aggregation re-
sponse of platelets to ADP. This priming effect was achieved at
G-CSF concentrations as low as 0.1 ng/ml, and there was a
dose-response relationship at concentrations of up to 10 ng/ml

(Fig. 3 A). Such concentrations of G-CSF are sometimes ob-
served in patients with bacterial infections and could easily be
reached during clinical G-CSF administration ( 15, 16). This
priming effect of G-CSFon platelets to induce secondary aggre-
gation by ADP is similar to that of mature granulocytes to
release oxygen radicals (4). Although GM-CSF also has a
priming effect on mature granulocytes ( 17, 18), preincubation
with GM-CSFat concentrations of from 0.1 to 1,000 ng/ml
did not alter the response of platelets to ADP(data not shown).

The target cells of G-CSF have been considered to be com-
mitted granulocyte precursor cells as well as cells of neutrophil
lineage at various stages of maturity ( 19, 20). However, evi-
dence that G-CSF works not only on committed neutrophil
precursors but also on more immature multipotent cells has
been accumulating (21-23). For example, G-CSFshortens the
period of chemotherapy-induced bone marrow hypoplasia
(21), increases the total number of colony-forming cells (22),
and increases the percentage of actively cycling cells in the
marrow (22). Furthermore, G-CSF acts synergistically with
IL-3 in shortening the Go period of cells forming immature
multipotent blast colonies (23). Even though this is the first
report showing that mature platelets possess G-CSF receptors,
Lindemann et al. (24) reported that in vivo administration of
higher G-CSFdoses affected platelet numbers. They observed a
dose-dependent depression of platelet counts after intravenous
administration of G-CSF (24). The discovery that G-CSF ex-
erts influence on mature platelets and alters the aggregation
response to ADPwould confirm the presence of G-CSF recep-
tors on platelets.
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