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Background: Glucocorticoids have long been used as the most potent drugs in the treatment 
of bronchial asthma. Data reported recently have led to the proposal that theophylline and 
macrolides have antiinflammato~y effects. 
Objective: We examined the abilities of theophylline, glucocorticoids, and macrolides to 
counteract the prolongation of eosinophil survival caused by IL-5. 
Methods: Purified guinea pig eosinophils were cultured in the presence or absence of human 
IL-5 and with or without the aforementioned drugs at various concentrations. The percentage 
of cells alive after 3 days in culture was determined. 
Results: Aminophylline (AM), methylprednisolone (MP), erythromycin (EM), and 
clarithromycin (CAM) suppressed the IL-5 induced prolongation of eosinophil survival in a 
dose-dependent manner. The effects of these drugs on eosinophil survival were significantly 
greater at low concentrations of IL-5 than at high concentrations of IL-5. When eosinophils 
were cultured in the presence of IL-5 (1 ng/mt) with physiologic concentrations of MP (10 -6 
mol/L), A M  (10 -4 mol/L), and either EM or CAM (both 10 gg/ml), the effect of lL-5 was 
almost completely abolished, and the morphologic changes in eosinophils observed by electron 
microscopy were consistent with apoptosis. DNA extracted from eosinophils cultured with IL- 
5 and each of the drugs was definitely fragmented. 
Conclusions: One mechanism of the effectiveness of these drugs is induction of eosinophil 
apoptosis. Some combination of these drugs may be useful in the treatment of bronchial 
asthma. (J Allergy Clin Immunol 1996;98:$207-15.) 
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macrolide, theophylline 

Eosinophils play an important role at the site of 
inflammation in allergic diseases, including bron- 
chial asthma? Eosinophilopoietic cytokines, such 
as IL-3, granulocyte-macrophage colony-stimulat- 
ing factor (GM-CSF), and IL-5 are released from 
many kinds of cells. They activate eosinophils and 
prolong their survival. 2-4 These cytokines are 
present in the airways of patients with bronchial 
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asthma 5 and can greatly contribute to eosinophil 
activation, which results in epithelial damage. 6 

Glucocorticoids have long been used therapeu- 
tically for their antiinflammatory effects in diseases 
such as bronchial asthma. They cause eosinopenia 
in normal subjects, decrease the number of circu- 
lating eosinophils in patients with eosinophilia, and 
reduce eosinophil influx at sites of inflammation. 
The clinical effects of glucocorticoids are mediated 
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FIG. 1. Effects of AM (A), MP (B), EM (C}, and CAM (D) on survival of eosinophi ls st imulated with 
1 ng/ml IL-5. Data are expressed as means + SEM (n = 4), and were analyzed by one-way 
analysis of variance. *p  < 0.05; * * p  < 0.01; * * * p  < 0.001. 

in part by inhibition of the release of eosinophil- 
active cytokines. 7 Moreover, glucocorticoids di- 
rectly inhibit cytokine-mediated eosinophil surviv- 
al. 8q2 

Recently reported data have led to the proposal 
that theophylline and macrolides have antiinflam- 
matory effects. Theophylline significantly inhibits 
the late asthmatic response, not the immediate 
response, after the allergen challenge at the sub- 
bronchodilating level, suggesting that theophylline 
is likely to modulate bronchial inflammation. 13 As 
for macrolides, long-term treatment with erythro- 

mycin has already been established for managing 
chronic airway diseases, such as diffuse panbron- 
chiolitis.14,15 Erythromycin has also been shown to 
decrease bronchial hyperresponsiveness in patients 
with bronchial asthma as measured by PC20 in 
histamine challenge tests? 6 However, the mecha- 
nism of antiinflammatory effects of theophylline 
and macrolides has not been clarified. 

Therefore we studied whether theophylline and 
macrolides inhibit the survival of eosinophils stim- 
ulated by IL-5 as glucocorticoids do, and we also 
examined the effects of various combinations of 
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FIG. 2. Effects of AM (A), MP (B), EM (C), and CAM (D) at phys io logic  levels on survival  of  
eosinophils stimulated with IL-5 at various concentrations. Data are expressed as mean -+ SEM 
(n = 4). 

these drugs. In  addition, we tried to observe eosin- 
ophil apoptosis induced by these drugs with an 
electron-microscopic study and an analysis of  
D N A  fragmentat ion.  

METHODS 
Purification of eosinophils 

Eosinophils were purified as reported previously. 5 In 
brief, eosinophils in peritoneal lavage fluid obtained 
from guinea pigs sensitized with horse serum were 
isolated by centrifugation on a discontinuous Percoll 
density gradient. Purified eosinophils were suspended at 
2.5 • 105 cells/ml in Hybricare medium (American Type 
Culture Collection, Rockville, Md.) supplemented with 
10% fetal bovine serum with 100 t~g/ml piperacillin. The 
purities and the viabilities of the eosinophils were 
>95%. Guinea pig eosinophils cross-react with human 
IL-5 and GM-CSF. 5 We have also found, with a binding 
assay, that guinea pig eosinophils have receptors that 
bind to human IL-5 (approximately 2000 sites/cell, dis- 
sociation constant = 4.8 nmol/L) and human GM-CSF 
(approximately 1600 sites/cell, dissociation constant = 
2.7 nmol/L). 17 

Eosinophil survival assay 

Recombinant human IL-5 was purchased from Gen- 
zyme (Cambridge, Mass.). The eosinophil survival assay 
was performed as reported previously. 5 In brief, 200 ~1 
of eosinophil suspension was put into a well of a 96-well 

culture plate with IL-5 and with or without aminophyl- 
line (AM), methylprednisolone (MP), erythromycin 
(EM), or clarithromycin (CAM) at various concentra- 
tions and incubated with 5% carbon dioxide in air at 
37~ for 3 days. To measure eosinophil viability, the 
cells were first stained with fluorescein diacetate and 
propidium iodide and then counted with a hemacytom- 
eter and an epifluorescent microscope. Eosinophil via- 
bility was 35.0 - 1.7% (n = 4) after 3-day culture with 
the medium alone. 

Electron-microscopic analysis 
Cultured eosinophils (1 • 106 cells) were fixed in 

2.5% glutaralaldehyde, further double-fixed with 1% 
osmium tetroxide followed by dehydration, and rou- 
tinely embedded. Thickly cut (1 I~m) sections were 
stained with methylene blue, and the presence of the 
eosinophils was confirmed by light microscopy. The 
sections were further cut (500 nm) by a glass knife, were 
double-stained with uranyl acetate-lead citrate, and 
then were examined with an electron microscope (JEX 
100, JEOL, Tokyo, Japan). 

Analysis of DNA fragmentat ion 

DNA was extracted from guinea pig eosinophils with 
a DNA extractor WB kit (Wako Pure Chemical Indus- 
tries, Osaka, Japan) according to the manufacture's 
instructions. In brief, the cultured eosinophils (1 • 106 
cells) were washed with phosphate-buffered saline; lysed 
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FIG. 3. Percentage inhib i t ion of  survival  of eosinophi ls  s t imulated wi th  IL-5 at var ious concen- 
trat ions. AM, MP, EM, and CAM were  used at phys io logic  concentrat ions.  Percentage inhib i t ion 
was calculated as (V~L 5 -- Vd,u~)/(VlL-5 -- VcontroJ) X 100, where  ViE_ 5 is v iab i l i ty  in the presence of  
IL-5 alone; Vd,u~ is v iab i l i ty  in the presence of  IL-5 and drug; and Voont,o ~ is v iab i l i ty  w i th  med ium 
alone. Data are expressed as mean +_ SEM (n = 4) and were analyzed by one-way  analysis of  
variance. *p  < 0.05; * * p  < 0.01. 

with a nonionic surfactant, polyoxyethylene 10-oxyphe- 
nyl ether; and then briefly centrifuged. The nuclear 
fraction was treated with protease in the presence of 1% 
sodium dodecyl sulfate for 1 hour. The DNA was 

extracted with sodium iodide and precipitated with 
isopropanol. Each sample was electrophoresed on 2% 
agarose gel with TBE buffer (90 mmol/L Tris-HC1, 90 
mmol/L borate, 2.5 mmol/L ethylene diamine tetraacetic 
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FIG. 4. Effects of  var ious combinat ions  o f  AM,  MP, and EM or  CAM at phys io log ic  concentra-  
t ions on surv ival  o f  eos inophi ls  s t imulated wi th 1 ng/ml IL-5. Data are expressed as mean _+ SEM 
(n = 4) and were analyzed by one-way analysis of  variance. * p  < 0.05; * * p  < 0.01; * * * p  < 0.001. 

acid) containing 0.5 Ixg/ml ethidium bromide, and the 
stained DNA was observed under ultraviolet light. 

Statistical analysis 
Data are expressed as means _+ SEM and were 

analyzed by one-way analysis of variance. 

RESULTS 
Eosinophil survival assay 

The effects of AM, MP, EM, and CAM on the 
survival of eosinophils stimulated with 1 ng/ml IL-5 
are shown in Fig. 1. When AM was added at concen- 
trations from 10 .5 to 10 -3 mol/L, eosinophil viability 
was suppressed in a dose-dependent manner (Fig. 1, 
A). When MP was added at concentrations from 
10 -7 to 10 5 tool/L, eosinophil viability was also 
suppressed in a dose-dependent manner (Fig. 1, B). 
Similarly, EM and CAM at concentrations from 1 to 
100 p,g/ml inhibited, in a dose-dependent manner, 
the survival of eosinophils stimulated with IL-5 (Fig. 
1, C and D). We did not observe any significant 
differences between eosinophil viability cultured with 
these drugs in the absence of IL-5 and with medium 
alone, suggesting that the effects of these drugs on 
eosinophils do not constitute cytotoxicity. 

Next, the effects of physiologic concentrations of 
these drugs on eosinophil survival after stimulation 
with various concentrations of IL-5 were studied. 
Eosinophils were cultured with or without the 
drugs in the presence of 10, 100, or 1000 pg/ml 
IL-5. As shown in Fig. 2, all drugs reduced the 
survival of eosinophils stimulated with IL-5 at all 

concentrations of IL-5 tested. The percentage in- 
hibition of eosinophil survival was also computed 
for each drug (Fig. 3). For all drugs, the percentage 
inhibition was significantly greater at the lowest 
concentration of IL-5 than at the highest concen- 
tration. MP had the strongest inhibitory effect. 

Combinations of these drugs were tested with 
the concentration of each drug in its therapeutic 
range (Fig. 4). The viability of eosinophils cultured 
with 1 ng/ml IL-5 only was 94.2% _+ 0.2% (n = 4). 
When 10 -6 mol/L (corresponding to 0.5 lxg/ml) 
MP was added, eosinophil viability was 79.2% _+ 
1.8% (n = 4), which was significantly lower than 
the value for IL-5 alone (p < 0.01). When 10 -4 
mol/L (corresponding to 34 ixg/ml) AM was in- 
cluded with MP, eosinophil viability was 54.5% + 
0.3% (n = 4), which was significantly lower than 
the value for IL-5 with MP (p < 0.001). Moreover, 
when eosinophils were cultured with MP (10 6 
mol/L), AM (10 -4 mol/L), and either EM or CAM 
(both 10 ixg/ml) in the presence of IL-5 (1 ng/ml), 
their viabilities were 42.6% _+ 2.4% (n = 4) and 
37.6% _ 4.0% (n = 4), respectively. The latter two 
values were significantly lower than the values for 
IL-5 with MP and AM (p < 0.05 and p < 0.01, 
respectively). The combination of MP, AM, and 
either EM or CAM almost completely abolished 
the effect of IL-5. When eosinophils were cultured 
without 1L-5 but with MP (10 .6  tool/L), AM (10 .4  
tool/L), and either EM or CAM (both 10 I~g/ml), 
they were no less viable than when they were 
cultured with medium alone. 
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FIG. 5. Elecron-microscopic findings of cultured eosinophils. Eosinophils were cultured with 1 
ng/ml IL-5 for 3 days in the absence (A, 9400 • original magnification; viability 95%) or presence 
(B, 9400 • original magnification; viability 43%) of MP (10 -6 tool/L), AM (10 -4 mol/L), and EM (10 
ixg/ml). 

Electron-microscopic analysis 

To test whether the observed reductions in the 
viability of eosinophils incubated with the drugs 
are the result of apoptosis, we observed the cul- 
tured eosinophils by electron microscopy. Most of 
the eosinophils, which had been cultured for 3 days 
with IL-5 (1 ng/ml) and with MP (10 -6 mol/L), AM 
(10 -4 tool/L), and EM (10 ~g/ml), revealed micro- 
scopic changes consistent with apoptosis (i.e., con- 
densation of nuclear chromatin and surface mem- 
brane swelling), whereas these changes were rarely 
observed in eosinophils cultured with IL-5 alone 
(Fig. 5). 

Analysis of DNA fragmentation 

DNA fragmentation was observed to determine 
whether each drug is capable of inducing eosino- 
phil apoptosis. Eosinophils (1 • 10 6 cells) were 
cultured for 3 days in the medium alone or in the 
presence of IL-5 (1 ng/ml) with or without the 
drugs. The concentration of each drug was an 
order higher than its physiologic concentration: 
10 -3 mol/L of AM, 10 -5 mol/L of MP, and 100 
~g/ml of EM and CAM, each of which was enough 
to decrease the viability of eosinophils without any 
other drugs. As shown in Fig. 6, DNA fragmenta- 
tion was rarely observed in the sample to which 1 
ng/ml IL-5 had been added. However, the DNA 
extracted from samples cultured with the combi- 
nation of IL-5 and AM, MP, EM, or CAM was 
definitely fragmented. 

DISCUSSION 

One of the rapidly developing areas in the fields 
of allergy and immunology is the study of pro- 
grammed cell death, namely apoptosis. Apoptosis 

is characterized by condensaton of nuclear chro- 
matin, shrinkage of the cell, separation of both 
nucleus and cytoplasm into multiple apoptotie 
bodies, and destruction of the cell by phagocytic 
cells. At the same time, cellular DNA is destructed 
by endonuclease, which cleaves the internucleoso- 
real regions, forming a "ladder" of DNA. 18 In vitro, 
cultured eosinophils are known to die within sev- 
eral days as a result of apoptosis, and their survival 
can be prolonged when incubated with eosinophi- 
lopoietic cytokines such as IL-3, GM-CSF, and 
IL-5. 2-4 IL-5 inhibits eosinophil apoptosis with 
induction of new RNA and protein synthesis, but 
the details are unclear? 9 Recent data have shown 
that Fas antigen can modify eosinophil survival by 
inducing apoptosis and that its pathway is indepen- 
dent of the survival-promoting effect of IL-5. 2~ 

Glucocorticoids, which are among the most use- 
ful drugs for managing bronchial asthma, inhibit 
eosinophil chemotaxis and adhesion and thereby 
cause eosinopenia and decrease the local accumu- 
lation of eosinophils. They also suppress the re- 
lease of eosinophil-active cytokines from T lym- 
phocytes or eosinophils themselves, v Several 
groups have shown that glucocorticoids can inhibit 
cytokine-mediated eosinophil survival 8-12 and that 
the decrease in the survival is the results of apo- 
ptosis. 21 However, the molecular mechanism by 
which glucocorticoids induce eosinophil apoptosis 
and antagonize the effect of eosinophil-activating 
cytokines is unknown. As for the signaling of 
eosinophilopoietic cytokines in eosinophils, activa- 
tion of several tyrosine kinases are involved. 
Pazdrak et al. 22 reported that Lyn is phospbory- 
lated after the activation of IL-5 receptor and then 
the signal is propagated via Ras-Raf 1-MEK- 
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microtubule-associated protein (MAP) kinase 
pathway. Microtubule-associated protein kinases 
activate many cytosolic proteins, including c-fos 
and c-jun. 23 Recent work relating the suppressive 
effect of glucocorticoids on cytokine gene tran- 
scription, such as IL-2, has shown that glucocorti- 
coid receptor complex binds to the transcriptional 
factor activator protein-1 (AP-1), which is a het- 
erodimer of c-jun and c-los, z4 AP-1 forms a DNA- 
protein complex with nuclear factor of activated T 
cells (NFAT), and the transcriptional activation of 
IL-2 gene is induced by the complex. In contrast, 
the involvement of NFAT-related factor, which is 
distinct from NFAT, for the regulation of IL-5 gene 
has been suggestedY Although the interaction of 
AP-1 and NFAT-related factor in IL-5 gene tran- 
scription remains to be solved, it is possible that 
glucocorticoids inhibit the survival-prolonging effect 
of IL-5 in eosinophils in the same manner as for IL-2. 

Theophylline is a potent bronchodilator and has 
long been used to treat bronchial asthma. In 
addition to its effects on airway smooth muscle, 
antiinflammatory effects have also been noted. 
Theophylline withdrawal is associated with a sig- 
nificant increase in asthma symptoms and a de- 
crease in spirometry %FEV1. 0 in patients with 
asthma treated with long-term theophylline and 
high-dose inhaled corticosteroids. This phenome- 
non is accompanied by a significant decrease in 
activated CD4 + and CD8 + T cells in peripheral 
blood and an increase in CD4 + and CD8 + T cells 
in bronchial mucosa. 26 In vitro, theophylline inhib- 
its the synthesis of IL-2 in T cells and tumor 
necrosis factor-eL in mononuclear cells. 27, 28 Meth- 
ylxanthines inhibit the expression of interferon-~- 
inducible or tumor necrosis factor-oL inducible 
nitric oxide synthase and vascular cell adhesion 
molecule-1 in vascular endothelial cells. 29 Several 
reports have also shown the effects of theophylline 
on eosinophils. The number of EG2 + eosinophils 
in bronchial mucosa after allergen challenge is 
significantly decreased in patients with atopic 
asthma treated with oral theophylline compared 
with that for pretreatment. 3~ Treatment with the- 
ophylline 24 and 3 hours before antigen challenge 
or before exposure to platelet-activating factor can 
significantly reduce the increase in the number of 
eosinophils in bronchoalveolar lavage fluid. 31 The- 
ophylline can strongly inhibit IgG-induced or se- 
cretory IgA-induced degranulation of human eo- 
sinophils, which is measured by the release of 
eosinophil-derived neurotoxin. 32 Ohta et al. 33 
showed that theophylline causes apoptosis of eo- 
sinophils stimulated with IL-5, a finding similar to 
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FIG. 6. Results of  agarose gel e lectrophoresis used to 
detect apoptosis of eosinophi ls.  Eosinophi ls were cul- 
tured for 3 days wi th  med ium alone or in the presence of 
IL-5 (1 ng/ml) wi th  or w i thou t  AM (10 3 tool/L), MP (10 _5 
mol/L), EM (100 i~g/ml), or  CAM (100 i~g/ml). 

the current results. Although the mechanism by 
which theophylline causes apoptosis of eosinophils is 
unclear, the increase in the level of intracellular cyclic 
adenosine monophosphate may be important. 

Chronic airway diseases, including diffuse pan- 
bronchiolitis, were the first to be treated with EM. 
EM impairs neutrophil functions, such as chemo- 
taxis, the release of elastase, and IL-8 produc- 
tion.14,15 It also reduces bronchial hyperrespon- 
siveness in patients with bronchial asthma, but no 
difference is found in the improvement of bron- 
chial hyperresponsiveness between atopic and 
nonatopic patients. 16 In vitro, EM inhibits T-cell 
proliferation induced by IL-2, 34 and roxithromycin 
inhibits IL-5 production from T cellsY EM and 
CAM suppress IL-6 expression by bronchial epite- 
lial cells. 36 FK506, an immunosuppressive macro- 
lide, inhibits IL-2 gene transcription in activated T 
cells by blocking the phosphatase activity of cal- 
cineurin, for which NFAT is a potential target. 37, 38 
Rapamycin binds to the same receptor site as 
FK506, but rapamycin and FK506 antagonize each 
other. 39 In contrast, EM does not antagonize but 
rather potentiates the biologic activity of FK506, 
which suggests that EM does not competitively 
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bind to FK506-binding protein. 34 We found that 
EM and CAM cause apoptosis of eosinophils 
stimulated with IL-5, but the mechanism of action 
of these macrolides is unknown. EM probably acts 
through a pathway distinct from those used by 
FK506 and rapamycin. 

Troleandomycin is sometimes used to treat ste- 
roid-dependent asthma? ~ It inhibits glucocorticoid 
clearance in vivo 4l and decreases the elimination 
of theophylline. 42 Although such data indicate that 
troleandomycin may be effective in the treatment 
of severe asthma, its precise mechanism of action 
is still unclear. In Europe and the United States, 
theophylline is no longer used as a first-line drug 
for treating bronchial asthma. However, the cur- 
rent results show that in vitro a combination AM 
and MP can shorten eosinophil survival more than 
can MP alone. Moreover, when eosinophils were 
cultured with AM, MP, and either EM or CAM in 
the presence of IL-5, the effect of IL-5 on eosino- 
phil survival was almost completely abolished. 
These results suggest that macrolides can be useful 
in the treatment of patients with steroid-depen- 
dent asthma because they inhibit eosinophilic in- 
flammation. 
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