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Background: Cytokines are implicated in allergic diseases and can modulate effector 
functions of eosinophils stimulated by another agonist. However, little is known about the 
capacity of cytokines to directly trigger eosinophil degranulation. 
Objectives: We attempted to determine whether cytokines can directly induce degranulation 
and superoxide production from eosinophils. 
Methods: Eosinophils from normal donors were incubated with various cytokines in albumin- 
coated tissue culture plates for 4 hours. To quantitate degranulation, the amounts of 
eosinophil-derived neurotoxin in supernatants were measured by radioimmunoassay. In 
addition, superoxide production was measured by superoxide dismutase-inhibitable reduction 
of cytochrome c. 
Results: IL-5, IL-3, granulocyte-macrophage colony-stimulating factor, tumor necrosis factor- 
o4 and RANTES all induced eosinophil degranulation. Granulocyte-macrophage colony- 
stimulating factor was the most potent and induced eosinophil-derived neurotoxin release 
comparable to that induced by secretory IgA beads, one of the most potent secretagogues for 
eosinophils. In addition, IL-5 and tumor necrosis factor-c~ were synelgistic in their induction 
of eosinophil degranulation, h~ contrast, IL-1, IL-8, interferon-y, and macrophage 
inflammatory protein-lc~ did not induce degranulation. Finally, IL-5, IL-3, granulocyte- 
macrophage cologv-stimulating factol; and tumor necrosis factor-o4 but not RANTES, also 
induced superoxide plvduction from eosinophils. 
Conclusions: Certain cytokines directly induce eosinophil degranulation and superoxide 
production in vitro. Therefore these cytokines may be important in the release of toxic granule 
proteins from eosinophils in allergic diseases. (J Allergy Clin Immunol 1996;98:371-81.) 
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Eosinophils play important roles in host defense 
against parasites, diseases associated with eosino- 
philia, and allergic diseases, such as bronchial 
asthma and atopic dermatitis. 1 Although eosino- 
phils produce a number of inflammatory media- 
tors, current information implicates toxic cationic 
proteins from the granules in the development of 
eosinophil-associated inflammation and tissue in- 
jury. 1 For example, eosinophil infiltration and dep- 
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osition of granule proteins were observed in the 
bronchial tissue specimens and bronchoalveolar 
lavage (BAL) fluids obtained from patients with 
bronchial asthma?, 3 Evidence from in vitro and in 
vivo studies shows that eosinophil granule pro- 
teins, such as major basic protein and eosinophil 
cationic protein, damage respiratory epithelium. < s 
Furthermore, the concentrations of granule pro- 
teins in BAL fluids correlate with the severity of 
disease in patients with symptomatic asthma? ,6 
Despite this information involving eosinophits and 
granule proteins in the pathophysiology of the 
diseases, little is known about the mechanism or 
mechanisms that trigger the release of granule 
proteins. 

Among various mediators involved in diseases 
associated with eosinophils, cytokines are likely 
one of the critical factors. For example, a THe-like 
cytokine message has been detected in BAL cells 
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Abbreviations used 
BAL: 
DCS: 
EDN: 

GM-CSF: 

HEPES: 

HSA: 
ICAM: 
IFN-y: 

MIP: 
PAF: 

Pipes: 

PMA: 
TNF: 

Bronchoalveolar lavage 
Defined calf serum 
Eosinophil-derived neurotoxin 
Granulocyte-macrophage colony- 
stimulating factor 
N-2-hydroxyethylpiperazine-N-2- 
ethanesulfonic acid 
Human serum albumin 
Intracellular adhesion molecule-1 
Interferon-y 
Macrophage inflammatory protein 
Platelet activating factor 
Piperazine-N,N'-bis[2-ethanesulfonic 
acid] 
Phorbol myristate acetate 
Tumor necrosis factor 

and bronchial biopsy specimens from patients with 
asthma.7, 8 In addition, various cytokines, such as 
IL-I[3, IL-2, IL-5, IL-6, tumor necrosis factor 
(TNF)-oL, and granulocyte-macrophage colony- 
stimulating factor (GM-CSF), were detected in 
BAL fluids from patients with symptomatic asthma 
or after segmental challenge with allergen. 9, ao Af- 
ter allergen challenge, IL-113, IL-5, IL-6, and GM- 
CSF were present in the nasal secretions of pa- 
tients with allergic rhinitis. H Also, elevated levels 
of IL-1, IL-2, IL-4, IL-5, IL-6, IL-8, TNF-e~, GM- 
CSF, and/or interferon (IFN)--/were detected in 
BAL fluids from patients with pulmonary eosino- 
philia of various causes? 2 Furthermore, levels of 
IL-5 in the nanogram per milliliter range were 
detected in sera from patients with episodic angio- 
edema associated with eosinophilW 3 and in pa- 
tients with cancer treated with IL-2.14 Thus cyto- 
kines are markedly elevated in various diseases 
associated with eosinophils, and these cytokines 
may play crucial roles in eosinophilic inflamma- 
tion. 

Several in vitro studies suggest that cytokines are 
important in induction and/or modification of el- 
lector functions of eosinophils. In general, these 
cytokines can be divided into three categories 
depending on their biologic activities. The first 
class is eosinophil growth factors, such as IL-3, 
IL-5, and GM-CSF; they induce proliferation and 
differentiation of eosinophil lineage, enhance sur- 
vival of mature eosinophils, and upregulate various 
functions of the cells, a, 15 The second class is proin- 
flammatory cytokines, such as IFN--/ and TNF-c~; 
they support in vitro survival and enhance certain 
functions of the cells, such as expression of Fc 

receptors and adhesion molecules. ~, 15 The third 
class belongs to the newly discovered chemokine 
superfamily with strong chemotactic activity and 
rather restricted target cell specificity? 6 Among 
cytokines in this class, IL-8, RANTES, macro- 
phage inflammatory protein (MIP)-le~, and mono- 
cyte chemoattractant protein-3 are known che- 
moattractants for human eosinophils and induce 
effector functions of the cells, such as degranula- 
tion. 17 However, despite this rapidly increasing 
knowledge, no detailed studies have examined 
whether cytokines induce effector functions of 
eosinophils. 

Previously, we found that cytokines, such as 
IL-5, GM-CSF, and IL-3, enhance eosinophil de- 
granulation induced by Sepharose beads (Pharma- 
cia, Piscataway, N.J.) coated with secretory !gA 
(sIgA) or IgG? s Recently, we also found that 
GM-CSF can induce eosinophil degranulation in 
a [32-integrin-dependent manner, a9 Therefore in 
this study, we tested the abilities of various cyto- 
kines (including eosinophil growth factors, proin- 
flammatory cytokines, and chemokines) to directly 
induce effector functions of human eosino- 
phils, such as degranulation and superoxide pro- 
duction. 

METHODS 
Cytokines and other soluble stimuli 

Human GM-CSF. IL-l[3, IL-3, TNF-c~. MtP-I~x, 
RANTES, and IFN-y were purchased from Genzyme 
Corp. (Cambridge, Mass.). Human IL-5 was a generous 
gift from Schering-Plough Research Institute (Ken- 
ilworth, N.J.). Human IL-8 was purchased from R&D 
Systems (Minneapolis. Minn ). Cytokines were diluted 
with phosphate-buffered saline containing 0.1% bovine 
serum albumin to 0.5 to 100 ~g/ml or 1000 U/ml (IFN-y) 
and were stored at -70 ° C. Platelet activating factor 
(PAF) and phorbol myristate acetate (PMA) were pur- 
chased from BIOMOL Research Laboratories. Inc. (Ply- 
mouth Meeting, Pa.) and Calbiochem (La Jolla. Calif.), 
respectively. PAF was dissolved in absolute ethanol al a 
concentration of 40 mmol/L and stored at 20 ° C. PMA 
was dissolved with dimethyl sulfoxide at a concentration 
of 5 mg/ml and stored at 20 ° C. All the stimuli were 
diluted in reaction medium immediately before the 
experiments. Solvent controls, containing ethanol or 
dimethyl sulfoxide diluted in medium (-<0.025%), had 
no detectable effects on the eosinophiI degranulation 
response and superoxide production. Immunoglobulins 
coupled to cyanogen bromide-activated Sepharose 4B 
beads (Pharmacia Inc.) were also used to stimulate 
eosinophil degranulation. The beads were coupled to 
sIgA (Accurate Chemical Scientific Corp., Westbury, 
N.Y.) or purified human serum IgG (Organon Teknika- 
Cappel, Malvern. Pa.) at a concentration of 5 mg of 
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protein per milliliter of packed beads, as described 
previously. 2° 

Eosinophil isolation 
Eosinophil isolation was performed with minor mod- 

ifications of the method described by Hansel et al 2I by 
using a magnetic cell separation system (MACS; Becton 
Dickinson, San Jose, Calif.). Briefly, venous blood anti- 
coagulated with 50 U/ml heparin was obtained from 
normal volunteers and diluted with phosphate-buffered 
saline at a 1:1 ratio. Diluted blood was overlaid on 
isotonic Percoll solution (density, 1.082 gm/ml; Sigma 
Chemical Co., St. Louis, Mo.) and centrifuged at 1000 g 
for 30 minutes at 4 ° C. The supernatant and mononu- 
clear cells at the interface were carefully removed, and 
erythrocytes in sediment were lysed by two cycles of 
hypotonic water lysis. Isolated granulocytes were washed 
twice with piperazine-N,N'-bis[2-ethanesulfonic acid] 
(Pipes) buffer (25 mmol/L Pipes, 50 mmol/L NaC1, 5 
mmol/L KC1, 25 mmol/L NaOH, 5.4 mmol/L glucose, 
pH 7.4) with 1% defined calf serum (DCS) (HyClone 
Laboratories, Logan, Utah), and an approximately equal 
volume of anti-CD 16 antibody conjugated with magnetic 
particles (Miltenyi Biotec Inc., Auburn, Calif.) was 
added to the cell pellet. After 60 minutes of incubation 
on ice, 5 ml of Pipes with 1% DCS was added to the 
cell-antibody mixture. Resuspended cells were loaded 
onto the separation column positioned in the strong 
magnetic field of the MACS. 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 94%. Purified eosinophils were washed twice in 
Pipes buffer with 1% DCS and suspended in reaction 
medium. 

Eosinophil degranulation 
With the exception of the experiments shown in Fig. 1, 

eosinophil degranulation was induced by various stimuli 
in polystyrene tissue culture plates coated with human 
serum albumin (HSA). Briefly, to coat plates with HSA, 
96-well flat-bottom tissue culture plates (Falcon no. 
3072, Becton Dickinson) were coated with 30 p.l of 2.5% 
HSA (Sigma, A3782) dissolved in phosphate-buffered 
saline (pH 7.4) and incubated at 37 ° C for 2 hours. The 
purity of the HSA was certified by the manufacturer, and 
the product was globulin-free. After incubation, wells 
were washed three times with 0.9% NaC1 and used 
immediately for the experiments. Eosinophils were 
washed twice with RPMI-1640 medium (Celox Inc., 
Hopkins, Minn.) with 10 mmol/L N-2-hydroxyeth- 
ylpiperazine-N-2-ethanesulfonic acid (HEPES) and re- 
suspended in the same medium at 5 × 105 cells/ml. The 
soluble stimuli (i.e., cytokines) were also diluted in the 
same medium. Subsequently, 100 txl atiquots of cell 
suspension were added to each HSA-coated well, and 
degranulation was initiated by adding 100 ~1 of each 
stimulus. When Ig-coated Sepharose 4B beads were 
used as stimuli, 2.5 × 10 4 of beads suspended in 100 txl 
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FIG. 1. Effects of HSA on spontaneous (left panel) and 
IL-5-stimulated eosinophil degranulation (right panel). 
Ninety-six-well  tissue culture plates were coated with 
HSA for 2 hours or left untreated. Eosinophils suspended 
in medium with or wi thout  0.1% HSA were added to the 
plate and incubated with or wi thout  100 ng/ml IL-5 for 4 
hours. Results are presented as mean values of four 
independent experiments performed in duplicate. Each 
dot represents one experiment; the results for a given 
eosinophil donor are connected by lines between dots. 

of medium were added to the cell suspension. This ratio 
of eosinophils to Ig-coated beads was previously shown 
to stimulate maximal cellular degranulation responses. 2° 
After incubation at 37 ° C in 5% CO2 for the indicated 
period, the supernatants from wells were carefully col- 
lected and frozen at - 2 0  ° C until assayed for eosinophil- 
derived neurotoxin (EDN) as described below. All ex- 
periments were carried out in duplicate. In experiments 
shown in Fig. 1, the effects of HSA, either added to the 
incubation medium or coated onto the plates for eosin- 
ophil degranulation, were studied. In these experiments, 
96-well flat-bottom tissue culture plates (Falcon no. 
3072, Becton Dickinson) were either coated as described 
previously with 2.5% HSA or left untreated. Eosinophils 
were suspended in RPMI-1640 medium with 10 mmol/L 
HEPES in the presence or absence 0.1% HSA, added to 
the plates, and stimulated, as described above. In the 
experiments shown in Fig. 2, eosinophils were stimulated 
with or without 100 ng/ml IL-5 at intervals of up to 6 
hours in HSA-coated plates. In the experiments shown 
in Fig. 3, eosinophils were preincubated for 30 minutes 
at 37 ° C with various concentrations of GM-CSF before 
they were stimulated by IgG-coated Sepharose beads. 

EDN assay 
To quantitate eosinophil degranulation, concentra- 

tions of EDN in the sample supernatants were measured 
by radioimmunoassay. The radioimmunoassay is a dou- 
ble-antibody competition assay in which radioiodinated 
EDN, rabbit anti-EDN antibody, and burro anti-rabbit 
IgG are used as reported elsewhere. 2° To measure the 
total content of EDN, eosinophils were lysed with 0.5% 
Nonidet P-40 (Sigma Chemical Co., St. Louis, Mo.) and 
0.01 mol/L HC1. All assays were carried out in duplicate. 
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FIG. 2. Kinetics of eosinophil degranulation induced by 
IL-5. Freshly isolated eosinophils were incubated with 
100 ng/ml IL-5 (open circles) or medium alone (closed 
circles) in the HSA-coated tissue culture plates for the 
indicated times, up to 6 hours. Data are presented as 
mean values of a representative experiment performed 
in duplicate. 

Superoxide anion production 
Generation of superoxide by eosinophils was mea- 

sured by superoxide dismutase-inhibitable reduction 
of cytochrome c, as described elsewhere, 22 with slight 
modifications. We again used 96-well flat-bottom tis- 
sue culture plates (Falcon no. 3072, Becton Dickin- 
son) coated with 2.5% HSA, as described previously. 
Freshly isolated eosinophils were suspended in Hanks' 
balanced salt solution with 10 mmol/L HEPES and 
mixed with 100 ixmol/L cytochrome c (Sigma) at 1 × 
10 6 cells/ml. One hundred microliters of cell suspen- 
sion was dispensed onto plates, and the reactions were 
initiated by adding 100 ~1 of stimulus diluted in 
Hanks' balanced salt solution with 10 mmol/L 
HEPES. Immediately after addition of stimuli, the 
reaction wells were measured for absorbance at 550 
nm in a microplate autoreader (Thermomax, Molec- 
ular Devices, Menlo Park, Calif.), followed by re- 
peated readings. Between absorbance measurements, 
the plate was incubated at 37 ° C. Each reaction was 
carried out in duplicate and compared with an iden- 
tical control reaction that contained 20 ~g/ml super- 
oxide dismutase (Sigma). Superoxide anion genera- 
tion was calculated with an extinction coefficient of 
21.1 × 103 L/mol- cm for reduced cytochrome c at 
550 nm and was expressed as nanomoles of cyto- 
chrome c reduced per 1 × 106 cells. 

Statistical analysis 
Statistical significance of the differences among vari- 

ous treatment groups was assessed with paired Student's 
t test. 
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FIG. 3. Comparison of the effects of GM-CSF to directly 
induce eosinophil degranulation (open circles) and to 
enhance degranulation induced by IgG-coated beads 
(closed circles). To measure enhancement of IgG-induced 
degranulation by GM-CSF, eosinophils were preincu- 
bated for 1 hour with different concentrations of GM-CSF, 
and then IgG-coated beads were added to the eosinophils 
and incubated for 3 hours. Total incubation period was 4 
hours. To measure GM-CSF direct induction of degranu- 
iation, eosinophils were incubated for 4 hours with vari- 
ous concentrations of GM-CSF. Results are presented as 
means +_ SEM of three independent experiments per- 
formed in duplicate. *Significantly different (p < 0.05) 
from values obtained with eosinophits incubated with 
medium alone or with IgG beads alone. 

R E S U L T S  
D e t e r m i n a t i o n  of e x p e r i m e n t a l  c o n d i t i o n s  

In a series of preliminary experiments, we noted 
that eosinophils spontaneously release E D N  when 
they are incubated in uncoated "bare"  tissue cul- 
ture plates without any exogenous stimul£ There-  
fore to minimize spontaneous E D N  release from 
unstimulated eosinophils, we examined the effects 
of proteins (i.e., HSA) included in the culture 
medium and coated onto the tissue culture plates 
(Fig. 1). As shown in the left panel, when eosino- 
phils were incubated without HSA in the medium 
and in uncoated "bare"  tissue culture plates, vari- 
ous degrees of spontaneous E D N  release were 
observed (up to 15% of total E D N  content). This 
nonspecific E D N  release was not affected by add- 
ing 0.1% HSA to the incubation medium. In 
contrast, when nonspecific protein binding sites of 
the plates were blocked with 2.5% HSA before 
addition of eosinophils, nonspecific E D N  release 
was markedly inhibited to less than 3% of total 
EDN. As shown in the right panel, eosinophils 
stimulated by 100 ng/ml IL-5 released EDN, re- 
gardless of whether HSA was in the medium or 
whether the plates were blocked with HSA. The 
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TABLE I. Eos inophi l  degranu la t ion induced by var ious secretagogues 

EDN release* 

Stimulus Cells (ng/10 ~) Percent of total No. of experiments 

IL-1 (10 ng/ml) 124.1 + 31.0 3.0 -+ 0.6 5 
IL-3 (10 ng/ml) 325.3 _+ 52.1t 6.5 --- 1.1 9 
IL-5 (10 ng/ml) 428.3 _+ 70.0t 8.9 + 1.6:) 9 
GM-CSF (10 n~ml) 697.3 + 68.8t 13.2 + 1.4§ 9 
IL-8 (100 ng/ml) 116.1 _+ 27.5 2.4 ± 0.6 4 
TNF-c~ (100 ng/ml) 173.2 _+ 21.4"~ 4.0 __+ 0.5 9 
RANTES (100 ng/ml) 219.4 _+ 23.1t 5.6 ± 1.1 4 
MIP-lc~ (100 ng/ml) 131.2 _+ 12.1 2.8 _ 0.9 3 
IFN-y (1,000 U/ml) 107.8 _+ 26.1 2.7 _+ 0.5 5 
slgA (beads) 701.6 _+ 251.4t 14.5 --+ 2.2 3 
PAF (1 ixmol/L) 550.4 _+ 49.4t 16.4 + 3.4 4 
PMA (1 ng/ml) 780.4 _+ 50.0t 21.5 + 1.8 9 
Medium 105.1 _+ 10.8 2.3 +_ 0.2 38 

Total 4404.8 + 276.3 100 38 

The following cytokines were tested at 10 and 100 ng/ml: IL-1, IL-3, IL-5, IL-8, GM-CSF, TNF-c~, RANTES, and 
was examined at 100 and 1000 U/ml. 

*The results listed are means + SEM from the indicated numbers of experiments. 
+iv < 0.01 compared with values obtained with eosinophils incubated with medium alone. 
-~p < 0.01 compared with IL-3 by paired t test in paired samples (n - 9). 
§p < 0.01 compared with IL-5 by paired t test in paired samples (n = 9). 

MIP-lo~. IFN-y 

amount of EDN released from eosinophils in 
HSA-blocked plates was slightly less than that 
released from the unblocked plates. Therefore 
coating the tissue culture plates with HSA mini- 
mizes nonspecific eosinophil degranulation and 
maximizes specific release after stimulation by 
IL-5, resulting in a high (specific release)/(nonspe- 
cific release) ratio. Therefore all of the following 
experiments were performed in plates precoated 
with 2.5% HSA. 

Next, to determine the appropriate incubation 
period for eosinophil degranulation, we studied 
the kinetics of EDN release after IL-5 stimulation. 
As shown in Fig. 2, in the absence of stimulus 
(medium alone), minimal amounts of EDN were 
released from eosinophils. When eosinophils were 
stimulated with IL-5, EDN release was detected at 
about 1 hour, increased in a t ime-dependent man- 
ner, and reached a plateau at 4 hours. Accordingly, 
we concluded that 4 hours of incubation was 
optimal for the study of eosinophil degranulation 
induced by cytokines. 

Finally, we investigated the optimal concentra- 
tions of cytokines needed to induce eosinophil 
degranulation. Previously, we reported that GM- 
CSF enhances eosinophil degranulation induced 
by Sepharose beads coated with sIgA or IgG? 8 In 
that report  minimal but significant degranulation 
was observed with 500 U/ml GM-CSF alone with- 

out Ig-coated beads. 18 In this study, as shown in 
Fig. 3, 0.03 ng/ml GM-CSF significantly enhanced 
eosinophil degranulation induced by IgG-coated 
beads. Furthermore,  this GM-CSF-enhanced de- 
granulation was concentration-dependent, consis- 
tent with the previous report. 18 In the absence of 
IgG beads, concentrations of GM-CSF at 0.3 ng/ml 
or higher were required to induce eosinophil de- 
granulation. These findings suggest that at low 
concentrations, GM-CSF enhances eosinophil de- 
granulation induced by other secretagogues and 
that by itself GM-CSF causes degranulation at 
relatively higher concentrations (i.e., nanogram 
per milliliter range of concentration). On the basis 
of these preliminary studies, we examined eosino- 
phil degranulation by using nanogram per milliliter 
concentrations of various cytokines. 

Effects of various cytokines on eosinophil 
degranulation 

To investigate the potency of various cytokines 
and other physiologic stimuli to induce eosinophil 
degranulation, purified normal human eosinophils 
were incubated with each stimulus for 4 hours in 
HSA-blocked plates. As shown in Table I, 10 ng/ml 
IL-3, IL-5, and GM-CSF, as well as 100 ng/ml 
TNF-o~ and RANTES, induced substantial 
amounts of EDN release. When compared at 10 
ng/ml, GM-CSF induced the most degranulation, 
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FIG. 4. Eosinophil degranulation induced by IL-3, IL-5, 
and GM-CSF. Freshly isolated eosinophils were incubated 
with various concentrations of GM-CSF (circles), IL-3 
(squares), or IL-5 (triangles) in HSA-coated tissue culture 
plates for 4 hours. Results are presented as means _+ SEM 
of four independent experiments. *Significantly different 
(p < 0.05) from values obtained with eosinophils incu- 
bated with medium alone. 
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FIG. 5. Effects of GM-CSF (left panel) and TNF-c~ (right 
panel) on eosinophil degranulation induced by mL-5. 
Freshly isolated eosinophils were incubated with either 
various concentrations of IL-5 plus GM-CSF (no GM-CSF, 
closed circles; 0.1 ng/ml, open circles; 1 ng/ml, open 
squares) or various concentrations of IL-5 plus TNF-c~ (no 
TNF-c~, closed circles; 1 ng/ml, open circles; 10 ng/ml, 
open squares) in HSA-coated tissue culture plates for 4 
hours. Results are presented as means + SEM of three 
experiments performed in duplicate. 

IL-5 was intermediate, and IL-3 was the least 
potent. TNF-a and RANTES at 10 ng/ml did not 
induce release of EDN (less than 124 ng/106 cells). 
IL-8 (10 and 100 ng/ml), IFN-7 (100 and 1000 
U/ml), IL-l[3 (10 ng/ml), and MIP-I~ (10 and 100 
ng/ml) did not induce degranulation at any con- 
centration tested. Consistent with previous reports, 
sIgA beads, PAF, and PMA (all known as potent 
secretagogues for eosinophil degranulation) were 
effective stimuli for EDN release} °, 23.24 Interest- 
ingly, 10 ng/ml GM-CSF induced approximately 
700 ng/106 cells of EDN release; this amount is 
comparable to the EDN release induced by sIgA 
beads, one of the strongest physiologic secreta- 
gogues for eosinophils. 2° 

Comparison of IL-3, IL-5, and GM-CSF 

IL-3, IL-5, and GM-CSF are eosinophil growth 
factors, 1,15 and they are known to share the 
[3-chain of heterodimeric receptorsY Therefore 
we compared the potencies of these cytokines in 
inducing eosinophil degranulation. As shown in 
Fig. 4, GM-CSF induced significant EDN release 
at 1 ng/ml and showed maximal effect at 10 ng/ml. 
In contrast, IL-5 and IL-3 induced eosinophil 
degranulation at 10 ng/ml and even more degran- 
ulation at 100 ng/ml. The maximum amount of 
EDN release was not greatly different among these 
cytokines (10% to 12.5% of total EDN). On a mass 
basis, GM-CSF was about 10-fold more potent 
than IL-3 and IL-5. 

Synergism between IL-5 and TNF-~ 

TNF-e~ and IL-5 act synergistically to induce ex- 
pression of the intracellular adhesion molecule-1 
(ICAM-1) and HLA-DR on eosinophils, a6 Also, 
TNF-o~ is found in BAL fluids from patients with 
symptomatic asthma and pulmonary eosinophilia. 9,12 
Therefore we attempted to determine whether IL-5 
and TNF-~ synergistically induce eosinophil degran- 
ulation. Eosinophils were incubated with various 
concentrations of IL-5 in the presence of suboptimal 
concentrations of TNF-a. We also tested GM-CSF 
as a positive cytokine control. As shown in Fig. 5, left 
panel, the effects of the combination of IL-5 and 
GM-CSF were additive or less than additive; in 
contrast, as shown in Fig. 5, right panel, the combi- 
nation of IL-5 and TNF-e~ was synergistic. For exam- 
ple, 1 ng/ml TNF-~ by itself did not induce eosinophil 
degranulation. IL-5 (10 ng/ml) alone (no TNF) in- 
duced 218 ng/106 cells of EDN release (138 ng/106 
cells of net EDN release) from eosinophils. When 
both i ng/ml TNF-c~ and 10 ng/ml IL-5 were added to 
the cells, eosinophils released 385 ng/106 cells of 
EDN, resulting in 290 ng/106 cells of net EDN 
release. Thus TNF-a and IL-5 synergistically induce 
degranulation of eosinophils, although TNF-c~ by 
itself is a weak secretagogue for eosinophils. 

Kinetics of IL-f-induced superoxide anion 
production by eosinophils 

Eosinophils are known to produce superoxide 
anion in response to PMA or PAF stimulation. 22, 27 
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FIG, 6. Kinetics of superoxide product ion induced by 
~L-5. Eosinophils were incubated wi th various concentra- 
t ions of IL-5 (no IL-5, open circles; 1 ng/ml, closed trian- 
gles; 10 ng/ml, closed squares; and 100 ng/ml, closed 
circles) as described in Methods. Results are presented as 
means ± SEM of three independent exper iments per- 
formed in duplicate. 

We have also shown that GM-CSF can induce 
superoxide production in a [32-integrin-dependent 
manner. 19 Therefore we studied the effects of IL-5 
on superoxide production by eosinophils. Eosino- 
phils incubated in HSA-blocked plates were stim- 
ulated by IL-5, and the superoxide produced was 
quantitated. Fig. 6 shows that eosinophils stimu- 
lated with 10 or 100 ng/ml IL-5 produced superox- 
ide, which was detectable after 30 minutes and 
increasing gradually thereafter. Eosinophils pro- 
duced less superoxide when stimulated by 1 ng/ml 
IL-5 and no superoxide with medium alone. How- 
ever, there were no differences in the amounts and 
kinetics of superoxide production after stimulation 
by 10 ng/ml and 100 ng/ml IL-5, suggesting that the 
effect of IL-5 reached a plateau at 10 ng/ml. 

Superoxide production induced by various 
stimuli 

Next, we attempted to determine whether cyto- 
kines other than IL-5 can induce superoxide pro- 
duction from eosinophils. Eosinophils were incu- 
bated at three concentrations (1, 10, 100 ng/ml or 
10, 100, 1000 U/ml [IFN-y]) of various cytokines 
for periods of up to 180 minutes. Among the 
cytokines that did induce superoxide production, 
all of the production was dependent on the cyto- 
kine concentration (data not shown). Table II 
summarizes the results and shows that at 10 ng/ml 
GM-CSF, IL-5, and IL-3 induced large amounts of 

TABLE II. Superoxide production from 
eosinophils stimulated by various stimuli 

Superoxide production 
(nmol cytochrome 

c reduced/lO 8 cellsl* 

Stimulus 60 rain 120 rain 

IL-1[3 (10 ng/ml) -2.0 + 2.7 -1.8 ± 2.1 
IL-3 (10 ng/ml) 21.1 + 4.8? 76.8 ± 7.45 
IL-5 (10 ng/ml) 35.9 ± 8.3? 60.5 + 12.17 
GM-CSF (10 ng/ml) 52.5 ± 13.45 89.9 ± 10.15 
IL-8 (100 ng/ml) 3.1 - 2.7 -0.5 ± 1.8 
TNF-c~ (100 ng/ml) 12.7 ___ 3.6t 19.1 ± 5.1? 
RANTES (100 ng/ml) 1.1 ± 2.0 0.8 ± 0.9 
IFN-y (1,000 U/ml) 4.2 ± 1.9 2.7 ± 2.2 
sIgA (beads) 35.8 ± 4.6:) 58.6 ± 7.45 
PAF (1 Ixmol/L) 52.6 ± 4.6~: 79.3 ± 9.3:~ 
PMA (1 ng/ml) 139.4. ± 6.95 125.4 ± 6.05 
Medium 1.4 ± 0.9 0.9 ± 0.7 

Data are presented as means + SEM of three experiments 
performed in duplicate. 

tp < 0.05 compared with eosinophils incubated with medium 
alone. 

Sp < 0.0l compared with eosinophils incubated with medium 
alone. 

superoxide production. Consistent with the de- 
granulation results (Table l), GM-CSF was the 
most potent stimulus among these three cytokines. 
In addition, the amounts of superoxide produced 
by eosinophils stimulated by GM-CSF were similar 
to those produced by eosinophils stimulated by 
sIgA beads or PAF, the strongest known physio- 
logic secretagogues for eosinophils. 2°,23 At 100 
ng/ml, TNF-oL also induced superoxide production, 
although less than that induced by 10 ng/ml GM- 
CSF, IL-3, or IL-5. In contrast, RANTES, IFN-y, 
and IL-8 induced no superoxide production even 
at the highest concentration tested (100 ng/ml). 
IL-l[3 at 10 ng/ml also did not induce superoxide 
production. With the exception of RANTES, the 
overall potencies of cytokines to induce superoxide 
production corresponded with those to induce 
eosinophil degranulation; in contrast, RANTES 
induced a moderate amount of EDN release but 
no superoxide production. 

DISCUSSION 

IL-5 and other eosinophil active cytokines, in- 
cluding IL-3 and GM-CSF, have been known to 
enhance effector functions of eosinophils, such as 
cytotoxicity, superoxide anion production, and de- 
granulation. 18,2s-32 Most of these studies investi- 
gated the effects of cytokines on eosinophils stim- 
ulated by another agonist, such as Ig-coated beads 
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or parasites. Previously, we found that eosinophils 
cultured with 400 pg/ml IL-5 for 7 days released 
their granule proteins, suggesting that IL-5 might 
induce eosinophil degranulation by itself? 3 How- 
ever, the capacity of these cytokines to directly 
induce eosinophil effector functions has not been 
explored in detail. In this study, we demonstrated 
that by themselves GM-CSF, IL-5, and IL-3 induce 
appreciable degranulation and superoxide produc- 
tion from normal human eosinophils. Indeed, the 
extent of degranulation and superoxide anion in- 
duced by GM-CSF at 10 ng/ml was almost compa- 
rable to that induced by sIgA beads, one of the 
strongest secretagogues for eosinophils. Therefore 
certain cytokines may need to be recognized as 
another class of secretagogues for eosinophils. 

By studying various cytokines for their eosino- 
phil degranulation potencies, we made four obser- 
vations. First, we found differences in degranula- 
tion potencies among the various cytokine classes. 
Compared with the potent effects of eosinophil 
growth factors, such as IL-3, IL-5, and GM-CSF, 
the potencies of chemokines, such as RANTES 
and MIP-lo~, and proinflammatory cytokines, such 
as IL-l[3, IFN-y, and TNF-c~, were weaker. 
RANTES and MIP-lc~ have been recently recog- 
nized as powerful chemoattractants for eosino- 
phils.34. 35 In addition, at relatively high concentra- 
tions RANTES can induce eosinophil cationic 
protein release (up to 10 7 mol/L = 900 ng/ 
ml).34; 35 In our study 10 ng/ml RANTES did not 
induce significant degranulation, but 100 ng/ml 
RANTES did induce some EDN release, although 
less than that induced by 10 ng/ml GM-CSF, IL-3, 
or IL-5. Considering their strong chemotactic ac- 
tivity, it is surprising to find that RANTES and 
MIP-la are not strong secretagogues for eosino- 
phils. Therefore the roles of chemokines and eo- 
sinophil growth factors in pathophysiology of eo- 
sinophilic inflammation may be different. 

Second, we found differences in potency to 
induce degranulation among the eosinophil growth 
factors including IL-3, IL-5, and GM-CSF. The 
receptors for IL-3, IL-5, and GM-CSF are com- 
posed of two distinct subunits, o~ and 13.25 The c~ 
subunits are primary cytokine-binding proteins, 
and the 13 subunits are required for formation of 
high-affinity binding sites and for signal transduc- 
tion. The GM-CSF, IL-3, and IL-5 receptors share 
the same 13 subunit, 36 and, therefore these cyto- 
kines share a number of common biologic activi- 
ties, such as enhancement of survival of mature 
eosinophils 37 and degranulation. ~8 Although the 
possible differences in the biologic activities of 

these cytokines have not been fully explored, we 
found that GM-CSF was approximately 10 times 
more potent than IL-3 and IL-5. Interestingly, this 
rank order of potency is similar to that for eosin- 
ophil survival. Prolonged eosinophil survival was 
detected at 0.1 pg'ml GM-CSF and 1.0 pg/ml IL-3 
and IL-5 I Okubo et al. Unpublished data) and the 
50% effective dose (ED50) values for GM-CSF. 
IL-5. and IL-3 were 1.0. 10.0. and 10.0 pg/ml. 
respectively. 3s Although the reason for these dif- 
ferences is not clear, it may involve the aNnity of 
receptors for these cytokines; the affinity of the 
GM-CSF receptor t dissociation constant [Kd] of 
44 pmol/L 39) on human eosinophils is approxi- 
mately 10 times higher than those for IL-3 (Kd = 
470 pmol/L 39) and IL-5 (Kd = 518 pmol/L4°). Thus 
GM-CSF can be considered the most potent eo- 
sinophil-active cytokine. 

Third. the action of TNF-c~ is also noteworthy. 
Although TNF-~ by itself is a weak agonist for 
eosmophils to induce degranulation and superox- 
ide production, we found that TNF-oL is synergistic 
with IL-5 to induce eosinophil degranulation (Fig. 
4). Previously, TNF-c~ was shown to work synergis- 
tically with IL-5 to induce expression of ICAM-1 
and HLA-DR on eosinophils. 26 Our findings ex- 
tend these observations and lead us to speculate 
that TNF-e~ may be an important cofactor for 
eosinophilic inflammation. TNF-oL is known to be 
produced by human lung mast cells and pulmonary 
macrophages m sensitized lung tissues triggered by 
IgE. 41 Furthermore. TNF-c~ enhances expression 
of adhesion molecules, such as [CAM-1 and vas- 
cular cell adhesion molecule-1, on the endothelial 
cells and airway epithelial cells. 4=, 43 Earlier in vitro 
studies showed thai eosinophils adhere to and 
migrate through endothelial cells in an ICAM-I- 
and/or vascular cell adhesion molecule-l-depen- 
dent manner. 44-46 Interestingly, TNF-o~ is detected 
in various biologic fluids from patients with asthma 
and eosinophilia. 9, 12 Therefore TNF-o~ may be an 
important cytokine that accelerates the eosino- 
philic inflammation mediated bv other cytokines, 
such as IL-5. and may play important roles in 
pathophysiologic mechanisms of allergic diseases 
and eosinophilia. 

Finally, we found that relatively high concentra- 
tions of cytokines (nanogram per milliliter range) 
were required to directly induce eosinophil de- 
granulation. It has been reported that GM-CSF 
enhanced eosinophil survival, starting at I pg/ml. 47 
In this study we found that GM-CSF primed 
eosinophils for IgG-induced degranulation at 30 
pg/ml and that it directly induced degranulation at 
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concentrations of 300 pg/ml or higher. Thus GM- 
CSF maintains eosinophil survival at low concen- 
trations, primes them at moderate concentrations, 
and induces degranulation at the highest concen- 
trations. These concentration-dependent, differen- 
tial functions of cytokines may be important in the 
pathophysiology of diseases. Eosinophils may be 
maintained and prepared for activation by low 
concentrations of cytokines, which are encoun- 
tered in the bloodstream, and they may be fully 
activated by high concentrations of cytokines, 
which are probably encountered in the midst of 
inflamed tissues. 

We should be aware of the actual physiologic 
concentrations of cytokines. In recent reports cy- 
tokines, in particular IL-5, have been considered to 
be strongly implicated in the pathophysiology of 
bronchial asthma? a For example, messenger RNA 
of IL-5 was detected in cells of BAL fluids from 
patients with bronchial asthma. 7 Indeed, BAL flu- 
ids collected from patients with allergic rhinitis 48 
hours after antigen challenge contained 300 to 600 
pg/ml IL-5.1° In addition, BAL fluid from a patient 
with chronic eosinophilic pneumonitis contained 
approximately 150 pg/ml IL-5. 4s Because the dilu- 
tion factor of BAL fluid compared with alveolar 
fluid is estimated to be 100-fold, 49 the concentra- 
tion of IL-5 in local tissue could be more than 15 
ng/ml. Furthermore, the serum concentrations of 
IL-5 are more than 1 ng/ml in sera from patients 
with episodic angioedema associated with eosino- 
philia and IL-2 toxic syndrome. 13, 14 Therefore it 
would not be unreasonable to speculate that the 
concentration of IL-5 in the inflammatory lesion 
could be as much as or more than 10 ng/ml, namely 
the concentration that induced eosinophil degran- 
ulation in vitro (Table I and Fig. 4). In addition, 1 
ng/ml IL-5 was enough to induce eosinophil de- 
granulation when combined with TNF-~ (Fig. 4). 
Therefore we can confidently speculate that the 
concentrations of cytokines used in our study can 
be achieved in vivo, allowing cytokines to directly 
stimulate degranulation of eosinophils in various 
diseases associated with eosinophils. 

Even though this report clearly demonstrates 
that certain cytokines by themselves, such as IL-5, 
IL-3, GM-CSF, can be potent secretagogues for 
eosinophils, other factors are involved in eosino- 
phil functions in vivo. For example, transgenic 
mice expressing IL-5 are macroscopically normal 
apart from marked eosinophilia, 5° suggesting that 
either more than IL-5 is needed for initiation of 
disease or the presence of inhibitor factor(s) for 
eosinophil degranulation in vivo. Previously, we 

found that cellular adhesion dependent on a 132 
integrin, c~M[32 (Mac-l), was required for eosino- 
phil degranulation induced by GM-CSF. t') We 
have confirmed that this mechanism is also re- 
quired for eosinophil degranulation induced by 
IL-5 (Kita et al. Unpublished data). Recently, we 
found that extracellular matrix proteins, fibronec- 
tin and laminin, coated onto polystyrene tissue 
culture plates markedly attenuated eosinophil de- 
granulation induced by IL-5 or PAF by reducing 
132-integrin-dependent cellular adhesion. 51 There- 
fore some physiologic factors may regulate degran- 
ulation even in the presence of high concentrations 
of IL-5 in vivo. It would be reasonable to speculate 
that a complex local milieu is constructed in the 
inflammatory lesions, and it modulates degranula- 
tion of eosinophils exposed to the cytokines. Fur- 
ther studies, based on the fact that cytokines can 
directly induce eosinophil degranulation, and stud- 
ies that mimic the local inflammatory environment 
will benefit the understanding of mechanism(s) of 
eosinophitic inflammation in a variety of human 
diseases. 

We thank Mrs. Cheryl R. Adolphson for editorial 
assistance and Mrs. Linda H. Arneson for secretarial 
help. 
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