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Eosinophils play a major role in host immunity 
to parasite infections and allergic reactions such 
as bronchial asthma. 1 During such inflammatory 
reactions, soluble mediators released by T cells, 
macrophages, and other inflammatory cells induce 
migration of eosinophils from the blood into tis- 
sue. Subsequently, appropriate stimuli (e.g., Ig- 
coated helminths) trigger the eosinophils to de- 
granulate, which results in the local release of a 
series of cytotoxic and proinflammatory proteins 
such as major basic protein, eosinophil peroxi- 
dase, eosinophil cationic protein, and eosinophil- 
derived neurotoxin (EDN)?" 2 Deposition of re- 
leased granule proteins has been shown in various 
diseases, including bronchial asthma and parasite 
infections. ~ Accumulating evidence that eosino- 
phil granule proteins are implicated in tissue 
damage associated with these diseases has fo- 
cused interest on the regulation of eosinophil 
degranulation. However, at present, both the ac- 
tual physiologic stimuli for eosinophil degranula- 
tion and the transmembrane signaling events for 
triggering degranulation from eosinophils are 
poorly understood. 

In numerous receptor systems, ligand binding 
triggers a rapid increase in phosphoinositide hy- 
drolysis catalyzed by receptor-coupled phospholi- 
pase C (PLC) activity? Phosphoinositide break- 
down generates at least two second-messenger 
molecules, inositol 1,4,5-triphosphate and 1,2-di- 
acylglycerol, that in turn ~ increase [Ca2+]i and 
activate protein kinase C, respectively. 4 In mast 
cells, platelets, and neutrophils, exocytotic events 
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Abbreviations used 
ADP: Adenosine diphosphate 
DCS: Defined calf serum 
EDN: Eosinophil-derived neurotoxin 

FMLP: N-formyl-methionyl-leucyl- 
phenylalanine 

NAD: Nicotinamide adenine dinu- 
cleotide 

PAF: Platelet-activating factor 
PLC: Phospholipase C 

PMA: Phorbol myristate acetate 
PTK: Protein tyrosine kinase 
PTX: Pertussis toxin 
sIgA: Secretory IgA 

SDS-PAGE: Sodium dodecyl sulfate-poly- 
acrylamide gel electrophoresis 

are preceded by phosphoinositide turnover. 5-7 Re- 
cent studies have defined transmembrane recep- 
tors that regulate various second messenger-gen- 
erating enzymes through intermediate guanine 
nucleotide-binding (G) proteins. 8 The G pro- 
teins implicated in receptor-mediated signaling 
are membrane-bound o~[3~/-heterotrimers. Certain 
a-subunits of G proteins (G~-subunit) serve as a 
relatively specific substrate for adenosine diphos- 
phate (ADP)-ribosylation by cholera toxin or per- 
tussis toxin (PTX). 9 ADP-ribosylation of the G~- 
subunit catalyzed by these bacterial toxins often 
modifies G protein-effector coupling. For ex- 
ample, PTX pretreatment profoundly inhibits the 
coupling of N-formyl-methionyl-leucyl-phenylala- 
nine (FMLP) receptor to PLC activity in neutro- 
phils. 1° The major substrate for ADP-ribosylation 
by PTX in neutrophil membranes is a 41 kd 
protein that was recently identified as the Gi2 
~-subunit? 1 

After ligation of growth factor receptors con- 
taining intrinsic tyrosine kinase domains, and af- 
ter activation of other receptors that lack such 
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TABLE I. Eosinophil degranulation induced by various stimuli 

Study 1 Study 2 

Released EDN Released EDN 

ng/5 x 10 s cells ng/5 x 10 5 cells 
Stimulus (n) % total Stimulus (n) % total 

HSA beads < 15 (20) < 1.2 None 26.1 --- 3.9 (22) 1.5 -+ 0.3 
IgG beads 110 + 9 (22) 8.6 _+ 0.5 OVA beads 27.3 - 6.6 (8) 1.5 -2_ 0.3 
IgE beads < 15 (11) < 1.2 slgA beads 349.4 _ 20.4 (18) 20.7 --- 1.4 
IgM beads < 15 (9) < 1.2 IgG beads 86.7 - 14.7 (18) 5.2 --- 0.4 
IgD beads < 15 (9) < 1.2 A23187, 1 txmol/L 239.0 --- 37.4 (9) 14.5 - 2.1 
IgA beads 60 --- 4 (7) 4.7 +__ 0.3 FMLP, 1 ixmol/L 218.9 _+ 24.1 (5) 142 - 3.0 
Total EDN 1276 --- 42 100 PMA, 10 ng/ml 88.9 +__ 12.2 (8) 5.2 --- 0.7 

Total EDN 1704.4 --- 56.9 (24) 100 

From Abu-Ghazaleh RI, et al. J Immunol 1989;142:2393-2400 and Kita H, et al. J Immunol 1991;147:3466-73. Copyright 1989 and 
1991, The Journal of Immunology. 

*n, Number of experiments. 

domains, such as the T-cell receptor, the phos- 
phorylation o f  tyrosine residues in proteins is a 
well-characterized event. 12 Until recently, the role 
of tyrosine phosphorylation for signal transduc- 
tion mediated by Fc receptors has been less well 
characterized. However, recent evidence suggests 
that increased tyrosine phosphorylation accompa- 
nies activation of Fc receptors in neutrophils 13 
and platelets 14 and is required for Fc receptor-  
mediated cytotoxicity in natural killer cells, ~5 
which suggests a role of tyrosine kinase for the Fc 
receptor-mediated activation of leukocytes. Vari- 
ous transmembrane receptors can be coupled to 
PLC through tyrosine kinase. For example, growth 
factor receptors with intrinsic protein tyrosine ki- 
nase (PTK) activity, such as the epidermal growth 
factor receptor and the platelet-derived growth 
factor receptor, can directly phosphorylate tyrosine 
members of the PLC-~ family. ~6 Activation of the 
T-cell receptor, which does not contain an intrinsic 
PTK domain, has also been shown to induce the 
tyrosine phosphorylation of PLC--/1. ~7 Recently it 
was shown that Fc-¢ receptor-init iated phospho- 
inositide turnover in natural killer cells is regu- 
lated by tyrosine phosphorylation of PLC--/1 and 
PLC-,/2.1. 

Our earlier studies demonstrated that secretory 
IgA (slgA) or IgG bound to Sepharose beads 
triggered the degranulation of human normo- 
dense eosinophils in vitro. 19 Others have reported 
degranulation of eosinophils and hypodense eo- 
sinophils can be induced in an IgE-dependent  
manner. 2° In spite of these observations, little is 
known about the transmembrane signaling events 
in eosinophil activation induced by Ig receptors. 
In this report  we have studied the signal trans- 

duction of human peripheral blood eosinophils 
with use of slgA and IgG beads as stimuli. We 
have focused on early signaling events, especially 
the role of G proteins, phosphoinositide turnover, 
and tyrosine kinase activation. 

M A T E R I A L  A N D  M E T H O D S  
R e a g e n t s  

Calcium ionophore A23187, ionomycin, PMA, FMLP, 
PTX, and genistein were obtained from Calbiochem 
Corp. (San Diego, Calif.). Nicotinamide adenine 
[adenylate-32P] dinucleotide ([32p] NAD) (specific activ- 
ity 250 Ci/mmol) was purchased from ICN Biomedicals, 
Inc. (Costa Mesa, Calif.). Anti-PLC-~/1 antiserum was 
produced by immunizing New Zealand white rabbits 
with a PLC-,/2 peptide (bovine PLC-~,I amino acid 1249- 
1262) chemically coupled to KLH (Calbiochem). Simi- 
larly, PLC-3,2 antiserum was produced by immunizing 
New Zealand white rabbits with a PLC-~/1 peptide (hu- 
man PLC-~/2 amino acid 461-481). 18 The anti-PLC-vl 
and anti-PLC-~/2 sera immunoprecipitated the predicted 
150 and 140 kd isoforms, respectively. The murine an- 
tiphosphotyrosine antibody (4G10) was obtained from 
Upstate Biotechnology, Inc. (Lake Placid, N.Y.), and the 
peroxidase conjugated rabbit anti-mouse IgG antibody 
(p260) was obtained from Dako Corp. (Carpenteria, 
Calif.). 

Eos inoph i l  i so la t ion  

The magnetic cell separation system (Becton Dick- 
inson Immunocytometry Systems, San Jose, Calif.) was 
used with minor modifications of the method described 
previously. 21 Heparinized blood was obtained from nor- 
mal volunteers and diluted 1:1 with phosphate-buf- 
fered saline solution. Blood was overlaid on an isotonic 
Percoll solution (density 1.082 gm/ml) in 50 ml Falcon 
plastic tubes (Becton Dickinson Labware, Lincoln Park, 
N.J.), and centrifuged for 30 minutes, 1000 g at 4 ° C. 
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FIG. 1' Effects of PTX on eosinophil degranulation induced by Ig-coated beads and soluble 
stimuli. Eosinophils were pretreated with the indicated concentrations of PTX for 2 hours and 
stimulated for 2 hours with Ig-coated beads (A) or soluble stimuli (B). Results are presented as 
EDN release, normalized to those obtained with cells pretreated with medium only (no PTX). Data 
and error bars represent mean-+ SEM for the number of experiments indicated in the 
figure. (From Kita H, et al. J Immunol 1991;147:3466-73. Copyright 1991, The Journal of 
Immunology.) 

The supernatant and the mononuclear cells at the 
interface were carefully aspirated and the inside wall of 
the tube was wiped with a sterile gauze to remove 
mononuclear cells attached to the wall. Erythrocytes in 
the sediment were lysed twice with water. Isolated 
granulocytes were washed twice with Pipes buffer (25 
mmol/L Pipes, 50 mmol/L NaC1, 5 mmol/L KCI, 25 
mmol/L NaOH, 5.4 mmol/L glucose, pH 7.4) with 1% 
defined calf serum (DCS), and an approximately equal 
volume of anti-CD16 antibody conjugated with mag- 
netic particles (Miltenyi Biotec, Sunnyvale, Calif.) was 
added to the cell pellet. After 60 minutes of incubation 
on ice, 5 ml of Pipes buffer with 1% DCS was added to 
the cell/antibody mixture. Resuspended cells were 
loaded onto the separation column positioned in the 
magnetic cell separation system strong magnetic field. 
Cells were eluted three times with 5 ml of Pipes buffer 
with 1% DCS. The purity of eosinophils counted by 
Randolph's stain was greater than 98%. 

Eosinophil degranulation 

Various immunoglobulins coupled to cyanogen bro- 
mide-activated Sepharose 4B beads (Sigma Diagnos- 
tics, St. Louis, Mo.) were used as stimuli for eosinophil 
degranulation. 19 The beads were coupled to human 
sIgA (Accurate Chemical & Scientific Corp., Westbury, 
N.Y.) or human serum IgG (Organon Teknika Corp., 
Durham, N.C.) at a concentration of 5 mg protein per 

milliliter packed beads as described previously. Purified 
eosinophils were washed twice with Hybri-Care me- 
dium containing 50 I~g/ml gentamicin and 0.1% human 
serum albumin. The washed cells were resuspended at 
5 x l0 s cells per milliliter in the same medium, and 
aliquots (100 i~1) of cell suspension were incubated in 
96-well round bottom tissue culture plates (Costar 
Corp., Cambridge, Mass.) with 50 I~1 of Hybri-Care 
medium containing PTX, genistein, or vehicle control 
for the indicated times. Cellular degranulation was 
initiated by addition of 50 Ixl of medium only, Ig-coated 
Sepharose bead suspension, or the indicated soluble 
stimuli. All of the assays were performed in duplicate. 
After incubation for 2 hours at 37 ° C in a 5% CO2 
atmosphere, the plates were centrifuged at 1200 g for 
10 minutes at 4 ° C. Cell-free supernatants from each 
well were collected and frozen at - 2 0  ° C. EDN re- 
leased into the cell-free supernatants was quantitated 
by radioimmunoassay. 22 Total cellular EDN contents 
were measured in parallel supernatants from cells lysed 
with 0.5% NP-40 detergent. 

PLC-~ immunoprecipitation 
and immunoblotting 

Aliquots of eosinophils (1 × 107 cells/sample) were 
lysed with 1 ml of ice-cold lysis buffer containing 20 
mmol/L Tris-HCl, 40 mmol/L NaC1, 5 mmol/L ethyl- 
enediamine tetraacetic acid, 50 mmol/L NaF, 30 
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FIG. 2. Kinetic effects of PTX on eosinophil degranulation. Eosinophils were incubated with 100 
ng/ml of PTX for the indicated period and stimulated for 2 hours with slgA- (closed circle) or IgG- 
(open circle) coated beads. Results are presented as EDN release, normalized to those obtained 
in parallel samples pretreated with medium only (no PTX) before stimulation. Data and error bars 
represent mean -+ SEM from four experiments. (From Kita H, et al. J Immunol 1991;147:3466-73. 
Copyright 1991, The Journal of Immunology.) 

mmol/L Na4P207, 500 mmol/L Na3VO4, 1 mmol/L 
phenylmethylsulfonyl fluoride, 5 p~g/ml aprotinin, 10 
p~g/ml leupeptin, and 0.5% Triton X-100, pH 7.4. After 
10 minutes at 4 ° C, the samples were centrifuged 
(15,000 g for 5 minutes) to remove nuclear and cellular 
debris. The resulting supernatants were immunopre- 
cipitated for 1 hour at 4 ° C with PLC--yl- or PLC-~2- 
specific antisera, and for another hour with protein 
A-Sepharose beads. The immunoprecipitates were 
washed three times, and bound proteins were eluted 
with 50 ixl of sodium dodecyl sulfate (SDS) sample 
buffer and resolved by SDS-polyacrylamide gel electro- 
phoresis (PAGE). The proteins on the SDS-PAGE gels 
were electronically transferred to nitrocellulose mem- 
branes. Nitrocellulose membranes were blocked over- 
night in Tris-buffered saline solution containing 4% 
bovine serum albumin, 0.5% Tween 20, and 0.05% 
NaNa, and were then probed for 2 hours with PLC-~/1- 
or PLC-~/2-specific antisera. The membranes were 
washed three times with 0.2% Tween 20 in Tris- 
buffered saline solution and immunoreactive proteins 
were detected with protein A-horseradish peroxidase 
(Pierce Chemical Company, Rockford, Ill.) and the 
ECL detection system from Amersham Corp. (Arling- 
ton Heights, Ill.). 

Inosiitol phosphate  product ion  

Isolated eosinophils (3 to 5 x 106 cells/ml) were 
cultured overnight in labeling medium (inositol-free 
RPMI 1640 medium supplemented with 10% D e s )  

that contained 40 ~Ci/ml myo-[2-3H] inositol (NEN 
Research Products, Boston, Mass.). The cells were 
treated with PTX for the indicated times before termi- 
nation of metabolic labeling. The labeled cells were 
washed and suspended at 1 to 2 x 106 cells per milli- 
liter in labeling medium that contained 10 mmol/L 
Lie1. When the effect of genistein was studied, cells 
were preincubated for 1 hour in the presence or ab- 
sence of genistein. Samples (2 x 105 cells/sample) were 
preincubated for 15 minutes at 37 ° C and stimulated for 
30 minutes with Ig-coated beads. The final reaction 
volume was 200 pJ. Reactions were terminated with 0.6 
ml chloroform:methanol:He1 (1:2:0.02), and water- 
soluble inositol phosphates were extracted by addition 
of 0.2 ml of chloroform and CL2 ml 1 mol/L NaC1. The 
aqueous phases were removed and diluted with 10 ml 
of aqueous 30 mmol/L sodium formate-2.5 mmol/L 
sodium tetraborate. Radiolabeled inositol phosphates 
were isolated by anion exchange chromatography as 
described previouslyY Total inositol phosphates (inosi- 
tol mono-, bis-, and trisphosphates) were eluted from 
the anion exchange columns with 2.5 ml of 1.2 mol/L 
ammonium formate-0.1 mol/L formic acid. 3H-labeled 
inositol phosphates were assayed by mixing the column 
eluates with 20 ml of scintillation cocktail, followed by 
liquid scintillation counting. 

ADP-r ibosy la t ion  assays 

Purified eosinophils (4 x 106 cells/sample) were sus- 
pended in assay medium and treated with PTX (10 -7 
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FIG. 3. Effects of PTX on eosinophil inositol phosphate (IP) production. Eosinophils were 
preincubated with 100 ng/ml of PTX for 0, 2 or 16 hours and stimulated for 30 minutes with 
medium alone or Ig-coated beads. Data are normalized to the [3H]inositol phosphate cpm 
measured in unstimulated cells from each pretreatment group: no PTX, 398 _+ 118 cpm; 2 hours 
PTX, 357 _+ 114 cpm; and 16 hours PTX, 262 -+ 39 cpm. Results from three to nine experiments 
were presented as mean _+ SEM. Asterisk indicates significant difference (p < 0.05) from value 
obtained with non-PTX treated cells exposed to the same stimulus. 

g/ml) or medium for 2 hours. After two washes with 
phosphate-buffered saline solution containing 0.5 
mmol/L ethylenediamine tetraacetic acid (pH 7.2), the 
cells were suspended in 0.4 ml reaction buffer (100 
mmol/L Tris-HC1, pH 7.5, 2 mmol/L MgC12, 15 mmol/L 
thymidine, 1 mmol/L adenosine triphosphate, 1 mmol/L 
guanosine triphosphate, and protease inhibitors). 24 The 
cells were lysed with two 10 second bursts from a 
sonicator. ADP-ribosylation reactions were initiated by 
adding 50 ~1 of reaction buffer containing 40 I~g/ml 
preactivated PTX (20 minutes incubation at 37 ° C in 20 
mmol/L dithiothreitol) and 5 mmol/L [32P]NAD (spe- 
cific activity 20 mCi/mmol) to each sample. PTX was 
preactivated by a 20-minute incubation (37 ° C) in 20 
mmol/L dithiothreitol. Samples were incubated at 37 ° C 
for 30 minutes and reactions were terminated with 0.5 
ml of ice-cold 20% (wt/vol) TeA. Denatured proteins 
were precipitated by centrifugation at 4 ° C, and the 
protein pellets were washed with cold 10 mmol/L 
KH2PO 4 buffer (pH 2.0). After solubilization in 30 Ixl 
of boiling Laemmli sample buffer, the proteins were 
separated by SDS-PAGE. Radiolabeled proteins were 
detected by autoradiography at - 7 0  ° C. 

Antiphosphotyrosine immunoblotting 

Aliquots of eosinophils (2 x 106 cells/sample) were 
resuspended in 50 txl of RPMI 1640 medium containing 

25 mmol/L Hepes, pH 7.2. Cells were stimulated by 
adding 50 txl of Ig-coated beads (5 x 104/sample) at 
37 ° C in a microcentrifuge tube. After the indicated 
time, cells were centrifuged briefly (15,000 g for 15 
seconds), and cell pellets were lysed by the addition of 
75 Ixl of ice-cold lysis buffer (see previous description of 
PLC-~/immunoprecipitation and immunoblotting). Af- 
ter 10 minutes at 4 ° C, the samples were centrifuged 
(15,000 g for 5 minutes) to remove nuclear and cellular 
debris. Postnuclear supernatants (60 ixl) were mixed 
with 4 x Laemmli sample buffer and resolved by SDS- 
PAGE. Immunoblotting was performed as described 
earlier except that antiphosphotyrosine monoclonal an- 
tibody (4CG10) and peroxidase conjugated rabbit anti- 
mouse IgG (p260) were used as first and second anti- 
body, respectively. 

RESULTS 
Stimulus-dependent 
eosinophil degranulation 

We reported previously that sIgA or IgG 
coupled to Sepharose beads were effective stimuli 
for the release of E D N  from human eosinophils 
(Table I). The degranulation response induced by 
sIgA beads was nearly fourfold higher than that 
evoked by IgG beads. IgA beads also caused 
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eosinophil degranulation, although the amount of 
released EDN was less than that released by IgG 
beads. In contrast, beads coated with IgE, IgM, or 
IgD did not induce eosinophil degranulation. Cal- 
cium ionophore A23187 and the protein kinase C 
activator PMA also triggered cellular EDN re- 
lease. Calcium ionophore, ionomycin, and PMA 
synergistically induced both EDN release and 
leukotriene C4 production from eosinophils., 
suggesting important roles for increased 
[Ca2+]i and increased activity of protein kinase C 
in the degranulation of eosinophils (data not 
shown). 

Effect of PTX on eosinophil degranulation 

PTX catalyzes the ADP-ribosylation of certain 
G protein oL-subunits, resulting in the uncoupling 
of these G proteins from receptors. To examine 
the potential involvement of a PTX-sensitive G 
protein(s) in eosinophil degranulation, eosino- 
phils were pretreated with PTX for 2 hours before 
stimulation with sIgA- or IgG-coated beads. As 
shown in Fig. 1, .4, eosinophil responsiveness to 
slgA beads was abolished by pretreatment of cells 
with PTX. Eosinophil degranulation induced by 
IgG was also inhibited by PTX pretreatment, 
although the degree of inhibition was at most 
80%. Calcium ionophore A23187 and PMA in- 
crease [Ca2+]i and activate protein kinase C, re- 
spectively, independent of cell surface receptor 
stimulation. Hence the eosinophil degranulation 
induc, ed by A23187 and PMA should not exhibit 
sensitivity to G protein modification by PTX. As 
shown in Fig. 1, B, degranulation induced by 
PMA was unaffected by pretreatment of eosino- 
phils with PTX. On the other hand, A23187, 
which potently induced eosinophil degranulation 
(Table 1), consistently showed partial sensitiviVy 
to PTX (Fig. 1, B). Although the underlying 
mechanism remains unclear, we speculate that 
A23187-induced eosinophil degranulation may be 
partially stimulated by de novo synthesized me- 
diators, such as platelet-activating factor (PAF). 
It is ~mown that eosinophils can synthesize PAF in 
response to calcium ionophore, 25 and that the 
PAF receptor is coupled to PTX-sensitive G 
protein. 26 

The eosinophil response to PTX shows inter- 
esting kinetics. As shown in Fig. 2, the degranu- 
lation response to sIgA-coated beads was progres- 
sively reduced as the treatment with PTX was 
increased from 0.5 to 3 hours. The decreased 
degranulation with longer PTX treatment was 
consistent with the cumulative modification and 
inactivation of a critical intermediate G protein(s) 

FIG. 4. ADP-ribosylation of eosinophil membrane pro- 
teins catalyzed by PTX. Eosinophils were pretreated with 
medium alone or 100 ng/ml of PTX for 2 hours. After the 
cell lysis, cellular proteins were ADP-ribosylated in vitro in 
the presence or absence of activated PTX and [32]NAD 
(see description in Material and Methods section). 
Samples were analyzed with SDS-PAGE, and 32p-labeled 
protein was visualized by autoradiography. Arrow denotes 
position of 41 kd PTX substrate. 

by the ADP-ribosyltransferase activity of the PTX 
catalytic subunit. Eosinophils remained nonre- 
sponsive to slgA beads after continuous exposure 
to PTX for 16 hours. The release of EDN induced 
by IgG-coated beads was also markedly reduced 
after 0.5 to 2 hours of PTX treatment (Fig. 2). 
However, this early inhibitory effect of PTX treat- 
ment was reversible, because the eosinophils 
gradually recovered their responsiveness to IgG 
beads during the subsequent 14 hours of continu- 
ous exposure to PTX. 

Stimulation of phosphoinositide hydrolysis 
by Ig-coated beads 

In many cell types, stimulus-dependent exocy- 
totic responses are accompanied by increases in 
PLC activity and phosphoinositide turnoverY To 
investigate whether Ig-dependent stimulation of 
eosinophils activates PLC activity, we first exam- 
ined whether PLC-,/1 or its closely related isoform 
PLC-~2 are expressed in human eosinophils. !m- 
munoprecipitation and immunoblotting with anti- 
PLC-'y1 and anti-PLC-~2 detected the 140 kd form 
of PLC--y2, but not PLC--,/1, from eosinophil lysates 
(data not shown). These same antibodies could 
detect large amounts of PLC--¢I and lesser 
amounts of PLC-~/2 from Jurkat cells (a human 
leukemic T cell line). 18 As shown in Fig. 3, stimula- 
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FIG. 5. Effects of genistein on eosinophi l  degranulat ion ~nduced by Ig-coated beads and soluble 
stimuli. Eosinophils were pretreated with the indicated concentrat ions of genistein for 1 hour and 
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and error bars represent mean _+ SEM from three experiments. 

tion of myo[3H]inositol-labeled eosinophils with 
slgA or IgG beads for 30 minutes induced signifi- 
cant increases in total inositol phosphate accumu- 
lation, which suggests that Ig-mediated signals, at 
least in part, are coupled to phosphoinositide- 
specific PLC activity. Pretreatment of eosinophils 
with PTX for 2 hours or 16 hours virtually abol- 
ished the production of inositol phosphate induced 
by slgA-coated beads. The increase in inositol 
phosphate production stimulated by IgG-coated 
beads was inhibited in eosinophils exposed to PTX 
for 2 hours. However, the cells completely recov- 
ered responsiveness to immobilized IgG during the 
16 hours of continuous exposure to PTX. 

PTX-mediated ADP-ribosylation of 
eosinophil proteins 

PTX exhibits ADP-ribosyltransferase activity 
toward the o~-subunit of certain G proteins. 9 To 
define the PTX substrate on eosinophils, cell 
lysates were incubated with activated PTX in the 
presence of [32P]NAD. As shown in Fig. 4, expo- 
sure of eosinophil lysates to activated PTX in 
vitro resulted in the transfer of [ 3 2 p ] A D P - r i b o s e  

to a prominent 41 kd protein substrate. The 

ADP-ribosylation of this protein was absolutely 
dependent on the presence of PTX in the in vitro 
reaction mixture. Pretreatment of intact eosino- 
phils with PTX for 2 hours before ADP-ribosyla- 
tion of cellular proteins in vitro led to inhibition 
of the radiolabeling of the 41 kd protein. These 
findings suggest that this 41 kd protein is the 
major substrate for PTX in human eosinophils. 

Stimulation of eosinophils with Ig beads 
increases the tyrosine phosphorylation of 
proteins: This effect was blocked 
by genistein 

In many cell types, occupancy of receptor by 
ligand induces activation of tyrosine kinases and 
subsequent tyrosine phosphorylation of various 
proteins. 12-15 To investigate whether Ig-dependent 
stimulation of eosinophils activates PTK, we 
stimulated eosinophils with Ig beads, and eosino- 
phil lysates were analyzed by immunoblot with 
use of antiphosphotyrosine antibody. When eosin- 
ophils were stimulated by slgA beads, a rapid 
increase (9 minutes) in protein tyrosine phosphor- 
ylation was detected. The proteins of 115, 100, 70, 
65, and 50 kd were most distinct. The continuous 
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exposure of eosinophils to sIgA beads resulted in 
dephosphorylation of these proteins. In contrast, 
when eosinophils were stimulated with IgG beads, 
the ]progress of tyrosine phosphorylation was 
much slower (maximum at 30 minutes) than that 
induced by slgA beads. Stimulation of sIgA and 
IgG produced similar numbers and molecular 
weights of tyrosine phosphorylated proteins (re- 
sults not shown). 

We next examined the sensitivity of Ig-stimu- 
lated tyrosine phosphorylation to an inhibitor of 
PTK, genistein. 18 Genistein is a tyrosine-specific 
kinase inhibitor with an IDso of 6 to 7 p,g/ml; 
genistein scarcely inhibits the enzymatic activities 
of serine- and threonine-specific protein kinases, 
such as cyclic adenosine monophosphate-depen- 
dent protein kinase and protein kinase C. 27 The 
pretreatment of eosinophils for 1 hour with 
genistein completely blocked tyrosine phosphory- 
lation of various proteins in eosinophils elicited by 
slgA and IgG beads. The pretreatment of eosin- 
ophils with genistein did not affect cell viability 
and left the non-PTK-dependent cellular re- 
sponse intact (see discussion to follow). 

Inhibition of tyrosine phosphorylation blocks 
Ig-stimulated inositol phosphate production 
and degranulation of eosinophils 

Recent studies suggested that receptors can be 
coupled to PLC via PTK-dependent pathways. ~6 
Because stimulation of eosinophils with Ig beads 
resulted in the tyrosine phosphorylation of eo- 
sinophil cellular proteins, we proceeded to evalu- 
ate whether these signaling events influenced 
PLC activation. Eosinophils were preincubated 
with genistein for 1 hour, and inositol phosphate 
production was then quantitated after Ig stimula- 
tion. Whereas both sIgA and IgG beads increased 
inositol phosphate production from eosinophils, 
this Ig-stimulated inositol phosphate production 
was completely inhibited by 50 Ixg/ml of genistein 
to the base levels. 

To further evaluate the role of protein tyrosine 
phosphorylation in the effector function of eosin- 
ophils, we examined the effects of genistein on 
EDN release from eosinophils. Pretreatment of 
eosinophils with genistein inhibited both slgA- 
and IgG-induced degranulation in a concen- 
tration-dependent manner (Fig. 5). The IDs0 
of genistein for Ig-induced degranulation was 
3 ixg/ml, which is a comparable IDso value of 
genistein required to inhibit tyrosine-specific pro- 
tein kinases. An experiment in which another 
tyrosine kinase inhibitor, herbimysin A, was used 
also demonstrated concentration dependent inhi- 

bition of Ig-induced eosinophil degranulation 
(data not shown). In contrast, when PMA was 
used to stimulate eosinophils, the degranulation 
was not affected by genistein. These findings sug- 
gest genistein specifically inhibited Ig-mediated 
degranulation of eosinophils and that the action 
of genistein is not the result of nonspecific inhi- 
bition of eosinophil function. 

DISCUSSION 

PTX pretreatment markedly reduced the re- 
sponsiveness of human eosinophils to sIgA beads. 
The increase in phosphoinositide hydrolysis and 
subsequent EDN release were inhibited by PTX 
in a concentration-dependent manner. A patch- 
clamp study by Nfisse et al. 28 demonstrates that a 
nonhydrolyzable guanosine triphosphate analog 
stimulated fusion of cytoplasmic granules with 
plasma membranes of guinea pig eosino- 
phils, which suggests that a G protein-dependent 
mechanism is involved in the degranulation mecha- 
nism of eosinophils. Collectively, these data are 
consistent with the possibility that ADP- 
ribosylation of G protein(s) by PTX inactivates the 
coupling of sIgA receptors and the degranulation 
mechanism. The ADP-ribosyltransferase activity 
of PTX is relatively specific to the a-subunit of G i 
or G o heterotrimers. 9' lo The modification of these 
G proteins by PTX is known to disrupt the coupling 
of cell surface receptors to intracellular effector 
enzymes, including PLC. 1° Compelling evidence 
suggests that the neutrophil FMLP receptor is 
coupled to PLC through a Gi-like protein. 1° The 41 
kd protein is the major PTX substrate in neutro- 
phils and is identified as the ~-subunit of the Gi2 
heterotrimer. 11 In the present study, we also de- 
tected a 41 kd major PTX substrate in human eo- 
sinophils. The biochemical and effector functions 
of eosinophils, including inositol phosphate pro- 
duction and degranulation, were also progressively 
inhibited by PTX. Therefore, we propose that a 41 
kd substrate in eosinophils represents a PTX- 
sensitive G protein o~-subunit (possibly ai2-tl) in- 
volved in the transduction of the activation signal 
from sIgA receptors on eosinophils. 

Unexpectedly, pretreatment of eosinophils with 
PTX for various periods revealed a biphasic al- 
teration in eosinophil responsiveness to IgG 
beads. Maximal inhibitions of IgG-induced de- 
granulation and inositol phosphate production 
were observed with cells treated with PTX for 2 
hours. When the time of PTX treatment was 
extended to 16 hours, both degranulation and 
inositol phosphate production induced by IgG 
beads returned to levels seen in untreated cells. 



1280 Kita et al. J ALLERGY CLIN IMMUNOL 
DECEMBER 1994 

The reversibility of the inhibitory effect of PTX 
on cellular responsiveness to IgG beads clearly 
differentiated the postreceptor signaling mecha- 
nism initiated by sIgA beads. The most tenable 
explanation for these results is that receptors for 
IgG on eosinophils transduce signals through a 
PTX-sensitive G protein distinct from that used 
for sIgA signaling. This hypothesis is supported by 
the in vitro ADP-ribosylation experiments. Eosin- 
ophils contained a minor 44 kd PTX substrate in 
addition to the major 41 kd substrate. 29 The 44 kd 
protein could be particularly important for IgG 
signaling because treatment of intact eosinophils 
with PTX resulted in a biphasic change in the 
unmodified protein. Prior exposure of eosinophils 
to PTX for 2 hours virtually abolished the in vitro 
ADP-ribosylation of the 44 kd protein; the expres- 
sion of unmodified 44 kd protein and in vitro 
ADP-ribosylation of this protein recovered with 
longer exposure of eosinophils to PTX. 29 The 
decline and recovery of this unmodified 44 kd 
protein closely parallel the cellular responsiveness 
to IgG beads, as shown by inositol phosphate 
production, and EDN release. Although definitive 
biochemical evidence is not available, these re- 
sults are compatible with the hypothesis that the 
44 kd PTX substrate represents an o~-subunit of 
heterotrimeric G proteins responsible for signal 
transduction induced by IgG beads. However, we 
need to keep in mind that the present data are 
also compatible with the potential involvement of 
both PTX-sensitive and PTX-nonsensitive G pro- 
teins in the eosinophil response to IgG beads. 

Treatment of eosinophils with a protein kinase 
inhibitor markedly reduced the responsiveness of 
human eosinophils to sIgA and IgG beads. The 
increase in phosphoinositide hydrolysis and sub- 
sequent EDN release were inhibited by genistein 
in a concentration-dependent manner. The ID50 
of genistein required for the inhibition of Ig 
response was comparable with the reported IDs0 
value of genistein as a tyrosine-specific kinase 
inhibitor. Although little is known about the role 
of tyrosine kinases for the activation of human 
eosinophils, we could detect several tyrosine 
phosphorylated proteins after in vitro stimulation 
of eosinophils with sIgA and IgG beads. Tyrosine 
phosphorylation of these proteins was also inhib- 
ited by genistein. Collectively, these data are con- 
sistent with the possibility that inhibition of ty- 
rosine phosphorylation by genistein inactivates 
the coupling of Ig receptors and the degranula- 
tion mechanism. 

The present study provides a tentative model 
for the sequence of events that culminate in the 

degranulation mechanisms of Ig activated eosino- 
phils, sIgA or IgG bind to distinct surface recep- 
tors expressed by eosinophils. Ligation of these 
receptors activates at least two receptor-coupled 
G proteins that, in turn, stimulate phospho- 
inositide-specific PLC activity and EDN release 
from eosinophils. Tyrosine kinases are also prob- 
ably involved in this receptor-PLC coupling. Be- 
cause the effects of PTX and genistein on PLC 
activation induced by slgA beads are complete, 
we can speculate that G protein and protein 
kinase exist in series, but not in parallel, for signal 
relay from the membrane receptor to PLC activ- 
ity. Studies with other types of cells suggest that 
the enzymes included in inositol phospholipid 
metabolism, which is highly regulated by G pro- 
teins, can be targets of phosphorylation by acti- 
vated src gene products. 3° Although a more de- 
tailed understanding of the stimulus-response 
coupling mechanisms involved in eosinophil acti- 
vation is clearly required, our study indicates 
important roles for PLC-coupled G protein and 
for tyrosine kinases for the degranulation of hu- 
man eosinophils. 

SUMMARY 

Eosinophils are implicated as major inflamma- 
tory cells in parasite infection and allergic reac- 
tions. Among various mediators, eosinophil gran- 
ule cationic proteins play an important role in the 
pathophysiology of diseases. However, little is 
known about the actual physiologic stimuli for 
eosinophil degranulation and the signaling events 
for triggering eosinophil degranulation. A series 
of in vivo and in vitro studies suggest that the 
interaction between antibody coated parasites 
and Fc receptors on eosinophils is one of the most 
effective triggers for eosinophil degranulation. 
Similarly, eosinophil degranulation can be in- 
duced in vitro by Sepharose beads coated with 
human sIgA or IgG. Eosinophil degranulation 
induced by these stimuli is mediated by PTX- 
sensitive membrane-bound heterotrimeric G pro- 
tein(s), and is accompanied by the rapid turnover 
of inositol phosphates. The production of inositol 
phosphates is inhibited by PTX. Eosinophil acti- 
vation by sIgA and IgG also involves tyrosine 
phosphorylation of several proteins and is inhib- 
ited by tyrosine kinase inhibitors. Thus phospho- 
lipase C-coupled G protein(s) and tyrosine ki- 
nases are key molecules in early signal transduc- 
tion of eosinophil activation induced by sIgA and 
IgG. Although further studies are needed to iden- 
tify which tyrosine kinase(s) is specifically in- 
volved in the eosinophil degranulation mecha- 
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nism, these molecules could be a target for thera- 
pies of human diseases where eosinophils are 
involved. 
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