Delayed eosinophil apoptosis in asthma
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Background: Eosinophilic inflammation of the airwaysis a key
characteristic of asthma. A defect in apoptosis might contribute
to the chronic tissue eosinophilia associated with asthma.
Objective: Our purpose was to examine whether the rate of
apoptosis differs between peripheral blood eosinophils from
asthmatic patients and healthy volunteers.

Methods: Peripheral blood was obtained from volunteerswith
asthma and from control volunteers. Eosinophils were isolated
by CD16-negative selection to >99% purity and were cultured
for 48 hours. The number of apoptotic eosinophilsin the cul-
ture was assessed by flow cytometric analysis of relative DNA
content in propidium iodide-stained cells. Eosinophil apoptosis
is expressed as apoptosisindex (number of apoptotic cells/total
number of cells).

Results: Eosinophils from asthmatic patients not taking steroid
medication survived longer (apoptosisindex 0.25) than those of
healthy control subjects (apoptosisindex 0.40, P < .05). In con-
trast, the rate of apoptosisin eosinophils from patients concur-
rently taking steroids (apoptosis index 0.46) is higher than that
of those not using steroids (P < .01) and not different from that
of healthy subjects. To assess whether endogenousIL-3, IL-5,
and GM-CSF production contributes to the delayed eosinophil
apoptosis, the effects of the corresponding neutralizing anti-
bodies were studied on eosinophil longevity. Neutralization of
GM-CSF, but not of IL-3 or IL-5, increased slightly but signifi-
cantly (P < .01) therate of apoptosisin eosinophils obtained
from patients with asthma. To assess whether (3,-agonist med-
ication could contribute to the observed differences, we deter-
mined thein vitro effects of albuterol, fenoterol, and salme-
terol on eosinophil apoptosis. All B,-agonists inhibited
eosinophil apoptosis by 12% to 19%. A possibility existed that
aprior in vivo exposureto IL-5, GM-CSF, or ,-agonists
would explain the observed difference. To study this,
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eosinophils were incubated with GM-CSF, IL-5, and albuterol
for 2to 3 hours, followed by washout of the added compounds,
and wer e subsequently cultured for 48 hours. However, an
exposureto GM-CSF (7 pmol/L) or IL-5 (10 pmoal/L) for 15to
180 minutes was not a sufficient signal to prevent eosinophil
apoptosis. In contrast, exposure to albuterol (100 nmol/L) for
120 minutes was sufficient to induce a significant (P < .05)
decrease in eosinophil apoptosis.

Conclusions: The results suggest that eosinophil apoptosisis
delayed in asthma. Thisdelay may be partly explained by pro-
duction of GM-CSF. Thein vitro effects of B,-agonists suggest
that (3,-agonist use might contribute to the prolonged
eosinophil survival through inhibition of apoptosis and thus
may wor sen eosinophilia in asthmatic patients. Use of inhaled
glucocorticoids seems to totally rever se the delayed eosinophil
apoptosisin asthma. (J Allergy Clin mmunol 2000;106:77-83.)
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Eosinophilic inflammation of the airways is a key
characteristic of asthma. Normally eosinophils undergo
apoptosis (programmed cell death) and are subsequently
recognized and cleared by macrophages without an
inflammatory response.l A defect in apoptosis might
explain the persistent airway eosinophilia associated
with asthma. Although cytokines such as IL-3 and IL-5
and GM-CSF are known to regulate eosinophil apoptosis
in vitroZ or ex vivo,3 the in vivo mechanism of regulation
of eosinophil apoptosis in asthmatic patients remains
unknown. This study was performed to determine
whether apoptosis differs between human peripheral
blood eosinophils obtained from healthy volunteers and
steroid-naive or steroid-treated asthmatic subjects.

METHODS
Material

The reagents were from the following sources: anti-CD16
microbeads and magnetic cell separation system (Miltenyi Biotec,
Bergisch Gladbach, Germany), Ficoll-Paque (Pharmacia AB, Upp-
sala, Sweden), recombinant human IL-3, IL-5, and GM-CSF and
neutralizing antibodies for human IL-3, IL-5, and GM-CSF and
1gG; isotype control (R&D Systems, Abingdon, UK), albuterol,
dibutyryl—cyclic AMP, fenoterol, propidium iodide, theophylline,
and Triton X-100 (Sigma Chemical, Poole, UK), and salmeterol
(Glaxo Wellcome, Durham, UK). FCS and RPMI 1640 culture
media were purchased from Gibco BRL (Paisley, UK).

Subjects

We included 16 healthy individuals (11 men, ages 33 + 2 years)
and 34 patients with asthma (27 men, ages 34 + 2 years). Of the
asthmatic patients, 21 were not using corticosteroids and 13 were
using regular inhaled corticosteroids. All patients with asthma not
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Abbreviation used
ECs: Median effective concentration

on inhaled corticosteroids used intermittent 3,-agonist medication
(albuterol 100 pg 1-2 puffs as needed). They were asked to refrain
from f,-agonist use overnight (ie, for 10 hours) before sampling.
Patients on regular inhaled corticosteroids used beclomethasone
(933 £ 353 pug, n = 3), budesonide (866 + 256 pg, n = 7), or fluti-
casone (667 + 167 pg, n = 3). One patient on fluticasone used also
oral prednisolone (5 mg daily). Of those patients using inhaled cor-
ticosteroids, 3 also used regular inhaled salmeterol (50 pg twice
daily) and 2 regular formoterol (12 pg twice daily). Patients on reg-
ular inhaled glucocorticoids were allowed to take their regular med-
ication (both steroids and B,-agonists) 1 hour before sampling. All
patients not using steroids had either mild intermittent or mild per-
sistent asthma and of those patients on inhaled steroids 5 were clas-
sified as having mild persistent, 7 as having moderate persistent,
and 1 as having severe persistent asthma according to the 1997 clas-
sification. In experiments to evaluate the effects of B,-agonists,
theophylline, and dibutyryl-cyclic AMP and in the washout experi-
ments with GM-CSF, IL-5, and albuterol, eosinophils from healthy
volunteers were used. Subjects gave informed consent to a study
protocol approved by the ethical committees of Tampere University
Hospital (Tampere, Finland) and Royal Brompton Hospital Ethics
Committee (London, UK).

Eosinophil separation

Eosinophils were separated with the method of Hansel et al.5
Briefly, venous blood (50 to 100 mL) from healthy or asthmatic
individuals was collected into 10 to 20 mL of acid-citrate-dextrose
anticoagulant. White blood cells were obtained by sedimentation
with 3% hydroxyethyl starch, layered onto Ficoll, and centrifuged
at 500g for 30 minutes at 18°C. The mononuclear cell layer was dis-
carded and the pellet containing granulocytes and red blood cells
was washed in HBSS. Contaminating red blood cells were lysed by
hypotonic lysis. The remaining granul ocytes were washed, counted,
and resuspended in 300 uL RPMI 1640 containing 2% FCS and 5
mmol/L EDTA (RPMI/FCS/EDTA). Eosinophils were purified
from neutrophils with use of immunomagnetic anti-CD16 antibody-
conjugated beads (1 pL of beads per 2 x 106 neutrophils). After the
addition of beads, cellswere incubated at 4°C for 40 minutes before
resuspension in 6 mL of RPMI/FCS/EDTA. The mixture was
loaded onto a separation column positioned within a magnetic field
and eluted with 40 mL of RPMI/FCS/EDTA. The CD16* cells (ie,
neutrophils) were retained by the column, whereas the eluted
eosinophils were collected, washed in RPMI 1640, counted, and
then resuspended at 106 cells per milliliter. Eosinophil purity was
>99% as assessed by microscopic examination in Kimurastain. The
cells were cultured for 48 hours (+37°C, 5% carbon dioxide) in
RPMI 1640 medium with 10% FCS plus antibiotics.

Apoptosis

The percentage of apoptotic cells was assessed by measuring the
relative DNA content by flow cytometry of propidium iodide—
stained cells.6.7 Activation of endonucleases nicking DNA preferen-
tially at the internucleosomal linker regions and resulting in DNA
fragmentation is considered to be a very specific feature of apopto-
sis.”.8 Membrane permeabilization with detergent (Triton X-100)
results in extrusion of the degraded |ow-molecular-weight DNA
from the apoptotic cells. Therefore less DNA is stained in apoptot-
ic cells with the intercalating dye propidium iodide. The reduced
DNA content of apoptotic nuclei resultsin ahypodiploid DNA peak
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that can be discriminated from the narrow peak of cells with normal
diploid DNA (Gy/G; peak) content in the red fluorescence chan-
nels.68 In a separate set of samples the percentage of apoptotic cells
obtained with this method correlated well with the appearance of
morphologic features (chromatin condensation and disappearance
of normal bilobular nucleus, cell shrinkage and overall condensa-
tion of the cytoplasmic material) typical of apoptosist3.9.10 in
eosinophils during 48 hours of culture (r = 0.95 for correlation
between the percentage of apoptotic cells obtained with morpho-
logic analysis and by measuring the relative DNA content by flow
cytometry, P < .0001, n = 20). The presence or absence of apoptot-
ic cells in the culture as assessed by flow cytometric analysis was
also confirmed by the appearance or lack of the typical ladder pat-
ternin the DNA fragmentation assay by agarose gel electrophoresis
(data not shown).6.7 Eosinophil apoptosis was expressed as apopto-
sisindex (Number of apoptotic cells/Total number of cells). No sig-
nificant disintegration of the cells was observed. To validate the
assay further, the eosinophil apoptosisindex was measured from 11
volunteers twice over a period of 11 to 35 weeks; a “between-day”
coefficient of variation of 8.1% was obtained.

Statistical analysis

All data are expressed as the mean £ SEM of (n) determinations.
ANOVA supported by Student—-Newman-Keuls or Dunn's multiple
comparisons test was used when the differences between groups
were analyzed. The null hypothesis was rejected when P < .05.

RESULTS
Apoptosis

The eosinophil apoptosis index in asthmatic patients
not using steroids was lower (0.25 £ 0.04, n = 21) than
that of healthy control subjects (0.40 = 0.03, n =16, P <
.05). In contrast, use of corticosteroids normalized the
eosinophil apoptosis index (0.46 + 0.06 in patients con-
currently using steroids, n = 13, P < .01 compared with
patients without steroids and not significantly different
from normal subjects; Fig 1). The periphera blood
eosinophil counts were 0.10 + 0.02 x 10%L for healthy
control subjects, 0.19 + 0.02 x 10%L for asthmatic
patients not using steroids, and 0.23 + 0.04 x 109/L for
patients concurrently using steroids. There was no corre-
lation between the apoptosis index and the peripheral
blood eosinophil count in any of the study groups (r =
—0.076, r = 0.124, and r = 0.327, for steroid-naive asth-
matic patients, asthmatics on inhaled steroids, and
healthy control subjects, respectively) or when the
groups were combined (r = 0.08).

Effect of IL-3, IL-5, and GM-CSF neutralization
on eosinophil apoptosis

IL-3, IL-5, and GM-CSF have been shown to prolong
eosinophil survival in vitro by delaying apoptosis.11-13 To
study whether production of the above-mentioned
cytokines by eosinophils explains the delayed apoptosis
found in asthmatic patients, the effects of neutralizing
antibodies to IL-3, IL-5, and GM-CSF (5 pg/mL) were
studied on apoptosis in cytokine-deprived eosinophils. To
confirm that the neutralizing antibodies are functionally
active, their ability to reverse the effect of the added
cytokine was first studied to justify their use. All the neu-
tralizing antibodies reversed 36% to 62% of the effect of
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the corresponding survival-prolonging cytokine added at
a concentration previously shown to produce maximal
antiapoptatic effect (IL-3, 100 pmol/L; IL-5, 10 pmol/L;
GM-CSF, 7 pmol/L; Table ). Neutralizing antibody
directed to GM-CSF increased dightly but significantly
(increase in apoptotic index 0.05 £ 0.01, n =8, P <.01)
the rate of eosinophil apoptosis compared with the 1gG;
isotype control (Fig 2). In contrast, neutralizing antibod-
ies to IL-3 or IL-5 had no effect (increase in apoptotic
index 0.01 + 0.01 and —0.01 + 0.01, respectively, n = 8).
No additive effect could be obtained when all three neu-
tralizing antibodies were added together (increase in
apoptotic index 0.04 + 0.01, n = 8) compared with the
1gG; isotype control (P <.01). However, the magnitude of
the effect of GM-CSF neutralizing antibody seems not to
be enough to explain the difference between healthy con-
trol subjects and patients with asthma not using steroids
(differencein apoptotic index 0.15). Another possibility is
that circulating eosinophils, before isolation in vivo or
even during the isolation process, would be in contact
with the survival-prolonging cytokines. However, such
cytokines are effectively washed out during the isolation
process. To test the possibility that a prior in vivo or ex
vivo contact with survival-prolonging cytokines would
explain the observed difference, the effect of preincuba-
tion (15-180 minutes) of the eosinophils with IL-5 (10
pmol/L) or GM-CSF (7 pmol/L) at concentrations previ-
ously shown to produce maximal antiapoptotic effect was
studied. After preincubation, the cytokine was washed out
and the cells were subsequently cultured for 48 hours.
The majority of eosinophils (87% + 0.6% and 80% + 1%)
incubated for 48 hours with IL-5 (10 pmol/L) and GM-
CSF (7 pmol/L), respectively, were not apoptotic (n = 3).
In contrast, brief exposure of eosinophils to IL-5 (10
pmol/L) or GM-CSF (7 pmol/L) for 15, 30, 60, or 180
minutes before culture inhibited apoptosis maximally by
21% compared with vehicle-treated, time-matched con-
trol samples (Table I1). Thus the eosinophils require con-
tinuous exposure to 1L-56 or GM-CSF for the survival-
prolonging action to be maintained. Thus a short (<3
hours) prior in vivo contact with these cytokines is not
likely to explain the observed difference.

Effect of B,-agonists on eosinophil apoptosis
in vitro

Albuterol, fenoterol, and salmeterol inhibited apopto-
sis in eosinophils in vitro in a concentration-dependent
manner (Fig 3). However, albuterol and fenoterol had a
biphasic effect on eosinophil apoptosis. Onamolar basis,
fenoterol was a more potent inhibitor of apoptosis than
albuterol or salmeterol (Fig 3). The median effective con-
centration (ECs) valueswere 6.5 £ 5.0, 0.7 = 0.5, and 94
+ 58 nmol/L for albuterol, fenoterol, and salmeterol,
respectively. In contrast, salmeterol at high concentra-
tions seemed to result in a greater degree of inhibition
than fenoterol or albuterol. To find out whether prior in
vivo contact between eosinophils and (3,-agonists could
contribute to the prolonged eosinophil survival, the effect
of preincubation (30-120 minutes) of eosinophils with
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FIG 1. Apoptosis index after 48 hours of culture in eosinophils
from healthy subjects and patients with asthma either using or
not using corticosteroids. Error bars indicate mean + SEM. ns,
Not significant.

TABLE |. The reversal by neutralizing antibodies (mAb-
anti-) of the antiapoptotic effects of IL-3 (100 pmol/L), IL-
5 (10 pmol/L), and GM-CSF (7 pmol/L) in human
eosinophils

Percentage
Apoptosis neutralization of the
Treatment index effect of added cytokine
Medium + 1gG, 0.40 £ 0.05 (3)
IL-3+19G; 0.07 £ 0.01 (3)
IL-3 + mAb-anti-IL-3 0.19 + 0.05 (3) 33+ 10
Medium + 1gG, 0.35+ 0.04 (5)
IL-5+19G; 0.03 £ 0.01 (5)
IL-5 + mAb-anti-IL-5 0.24 + 0.04 (5) 62+8
GM-CSF + 1gG, 0.05+ 0.01 (5)
GM-CSF + mAb- 0.20 £ 0.04 (5) 50+ 10
anti-GM-CSF

Eosinophils were preincubated with the neutralizing antibodies (5 pg/mL)
or the IgG; isotype control (5 pg/mL) for 15 minutes, whereafter the
cytokines (or medium in control) were added. Eosinophils were subsequent-
ly cultured for 48 hours. Apoptosis was assessed by flow cytometric analy-
sis of propidium iodide-stained DNA content. Shown are the apoptosis
index and the percentage inhibition of the response of the added cytokine
(ie, neutralization). Data represent mean = SEM of (n) independent deter-
minations from different cell preparations.
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FIG 2. The effects of neutralization of IL-3, IL-5, and GM-CSF on eosinophil apoptosis index. Eosinophils
from patients with asthma not using inhaled steroids were cultured with IgG, isotype control (5 pug/mL) or
with neutralizing mAbs to IL-3, IL-5, or GM-CSF (5 pg/mL) for 48 hours. When all neutralizing antibodies (at
5 pg/mL each) were added to the same culture, the isotype control IgG, was used at 15 pg/mL. Each data
point represents eosinophils from a single donor. For details see Methods.

TABLE Il. The effect of preincubation of eosinophils with
IL-5 and GM-CSF on eosinophil apoptosis

ibiti i 0,
Preincubation Inhibition of apoptosis (%)

time (min) IL-5 GM-CSF

15 9+3 S5+7

30 107 0t4

60 10+1 5+7

180 20t 4 21+2
Continuously present 87+1 80+1

Eosinophils were preincubated with I1L-5 (10 pmol/L) or GM-CSF (7
pmol/L) for the indicated time, washed, and resuspended in fresh medium
containing no IL-5 or GM-CSF and subsequently cultured for 48 hours.
Apoptosis was assessed by flow cytometric analysis of propidium
iodide—stained DNA content. Shown is the percentage inhibition of
eosinophil apoptosis compared with vehicle-treated, time-matched control
samples. After 48 hours of culture the apoptotic index in the absence of any
cytokines was 0.37 + 0.07 and in the continuous presence of IL-5 (10
pmol/L) or GM-CSF (7 pmol/L) the apoptosis index values were 0.05 +
0.00 and 0.08 + 0.02, respectively. Data represent the mean + SEM of 3
independent determinations from different cell preparations. Data for IL-5
from reference 6. See Methods for further details.

albuterol (100 nmol/L) was studied. After preincubation,
albuterol was washed out and the cells were subsequent-
ly cultured for 48 hours. When continuously present,
albuterol (100 nmol/L), produced 14.3% * 3.4% inhibi-
tion of apoptosis (n =5, P < .01). In contrast, an expo-
sure of eosinophils to albuterol (100 nmol/L) for 120
minutes before culture produced 45% of the maximal
antiapoptotic effect of abuterol (Table111).

Previously, cyclic AMP—elevating agents such as
PGE,4 and forskolinl5> have been reported to prolong
eosinophil survival. B,-Agonists have been described to
increase the concentrations of cyclic AMPin eosinophils.16
To evauate whether cyclic AMP could be involved, the

effects of other intracellular cyclic AMP-elevating agents
such as theophylline, a nonselective phosphodiesterase
inhibitor, and dibutyryl—cyclic AMP, a cell permeable ana
log of cyclic AMP, were studied. Both theophylline and
dibutyryl—cyclic AMP inhibited eosinophil apoptosisin a
concentration-dependent manner (Table IV).

DISCUSSION

Our study shows for thefirst time that peripheral blood
eosinophil apoptosisis delayed in asthmatic patients com-
pared with healthy control subjects and that this defect
can be reversed by inhaled glucocorticoids. A prolonged
peripheral blood eosinophil survival, probably by delayed
programmed cell death, has recently been reported to be a
feature of inhalant allergy and extrinsic and intrinsic
atopic dermatitis compared with nonatopic subjects.10
Furthermore, it has been reported from our laboratory that
in mild asthmatic patients demonstrating a |ate asthmatic
response, the survival of peripheral blood eosinophils is
prolonged after allergen challenge.l” Recently, it was
reported by Druilhe et a8 and Vignola et al19 that in
bronchial biopsy specimens from patients with asthma
there are more eosinophils and fewer apoptotic
eosinophils compared with healthy controls or patients
with chronic bronchitis, respectively. Their results sug-
gest that asthmatic inflammation is associated with an
enhanced survival of eosinophils caused by reduced apop-
tosis. Our study extends the published data by showing
that there is a functional defect in the apoptotic death of
peripheral blood eosinophilsin asthma. This also suggests
that the reduced number of apoptotic eosinophilsfoundin
the asthmatic lung may not simply result from the sur-
vival-prolonging effects of 1L-53 or GM-CSF!® as sug-
gested. It may aso partly be the result of the defect in the
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FIG 3. The inhibitory effect (percentage inhibition) of albuterol, fenoterol, and salmeterol on apoptosis dur-
ing 48 hours of culture in eosinophils isolated from the blood of healthy volunteers. Mean + SEM, n = 5.
Asterisk, P < .05; two asterisks, P < .01 compared with the respective solvent control.

TABLE lll. The effect of preincubation of eosinophils with albuterol on apoptosis

Inhibition of apoptosis (%)

Inhibition compared with time- Percentage of albuterol effect
Preincubation time (min) matched solvent control when continuously present
30 -11+32 —7.5
60 51+59 355
120 6.5+ 2.5* 45.3
Continuously present 14.3 £ 341 100

Eosinophils were preincubated with albuterol (100 nmol/L) for the indicated time, washed, and resuspended in fresh medium containing no albuterol and sub-
sequently cultured for 48 hours. Apoptosis was assessed by flow cytometric analysis of propidium iodide-stained DNA content. Shown is the percentage inhi-
bition of eosinophil apoptosis compared with vehicle-treated, time-matched control samples. After 48 hours of culture the apoptosis index in the absence of
any additions was 0.48 + 0.06 and in the continuous presence of albuterol the apoptosisindex was 0.42 + 0.06. Data represent the mean + SEM of 5 indepen-
dent determinations from different cell preparations. See Methods for further details.

*P < .05 compared with the corresponding control with no added abuterol.

1P < .01 compared with the corresponding control with no added albuterol.

apoptotic cell death process demonstrated in the current TABLE IV. The effects of theophylline and dibutyryl-

study in peripheral blood eosinophils. cyclic AMP on apoptosis of cytokine-deprived human
We have recently demonstated that the constitutive  eosinophils isolated from healthy volunteers

rate of apoptosis was reproducible within individuals

over consecutive blood samples many weeks apart, indi-

cating that the basis of the differenceisintrinsicto each ~ Control 055+0.02

donor.6 The delayed eosinophil apoptosis found in the ~ Theophylline (umol/L)

Treatment Apoptotic index

current study may result from several factors. One expla- 180 g'ggf g'gi
nation for the difference between individuals or between 1000 036+ 0.03
healthy and asthmatic donors could be the differential ;1 4y ryi-cyclic AMP (umoliL)

release of autocrine factorsthat are either proapoptotic or 10 0.49 £ 0.01
antiapoptotic. The most probable candidates would be 100 0.27 + 0.06
the survival-prolonging cytokines IL-3, IL-5, and GM- 1000 0.19 + 0.01

CSF.11-13 To ducidate this possibility, the effect of neu- R A PR o

i - i . . osinophils were cultured for ours and apoptosis was assessed by flow
tra“,zatlon of th,e CYtOk' nes by Spec'JIfIC antibodies was cytometric analysis of propidium iodide-stained DNA content. Data repre-
StUd|ed-_ Negtrallzamon of GM-CSF m(_:rea_sed the rate of sent the mean + SEM of 3 independent determinations from different cell
apoptosis dightly. In contrast, neutraization of 1L-3 or preparations. See Methods for further details.
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IL-5 had no effect. However, the increase in apoptosis
index induced by GM-CSF neutralization was relatively
small compared with the difference between asthmatic
patients and healthy volunteers. Thus production of GM-
CSF by the eosinophils may not completely explain the
delay in apoptosis. Another attractive explanation is that
in vivo eosinophils may be exposed to survival-prolong-
ing cytokines such as IL-5 or GM-CSF. However, a brief
exposure (15 to 180 minutes) of eosinophils to IL-5° or
GM-CSF was not sufficient to inhibit apoptosis in subse-
guent culture. Thus eosinophils require continuous expo-
sure to IL-56 or GM-CSF for the survival-prolonging
action to be maintained. Furthermore, the prolonged
eosinophil survival in the spontaneously surviving
eosinophils (ie, those having a low apoptosis index) is
effectively reversed by SB 203580, an inhibitor of p38
mitogen-activated protein kinase.6 In contrast, the sur-
vival-prolonging effects of IL-5 or GM-CSF are not
affected by this inhibitor.6 Thus it is unlikely that the in
vivo contact with survival-prolonging cytokinesIL-3, IL-
5, or GM-CSF accounts for the difference between
donors or patients with asthma and healthy controls.
Excessive use of ,-adrenoceptor agonists has been
associated with increased risk of death or near death from
asthma.20 One possible mechanism for this could be pre-
vention of eosinophil clearance by inhibition of apopto-
sis resulting in amore severe inflammatory response and
asthmatic symptoms. In fact, use of abuterol has been
associated with increased numbers of eosinophils in
lung.21 To assess whether B,-agonist medication could
contribute to the observed differences, we determined the
in vitro effects of albuterol, fenoterol, and salmeterol on
eosinophil apoptosis and showed that (3,-agonists inhib-
ited apoptosis in eosinophils. Our results are supported
by the recent report of Nielson and Hadjokas?2 showing
that isoproterenol tended to decrease spontaneous
eosinophil apoptosis. Furthermore, we and others have
demonstrated previously14.15 and in the current study that
other cyclic AMP-elevating agents such as forskolin,
PGE,, and theophylline and the cell-permeable cyclic
AMP andog dibutyryl cyclic AMP increase eosinophil
survival by inhibiting apoptosis. A significant inhibition
of eosinophil apoptosis by albuterol was obtained at 10 to
1000 nmol/L concentrations (ECgy 6.5 nmol/L), with
fenoterol at 1 to 10 nmol/L concentrations (ECg, 0.7
nmol/L), and with salmeterol at 100 to 1000 nmol/L con-
centrations (ECsg 94 nmol/L). The mean maximum plas-
ma concentration of albuterol after asingle 4-mg tablet is
30 to 60 nmol/L.2324 After inhalation by metered-dose
inhaler or nebulizer the peak plasma concentrations of
albuterol have been reported to be 7.5 to 23 nmol/L.25
For inhaled fenoterol the corresponding peak plasma
concentrations are 0.5 to 1.2 nmol/L.25 Thus the inhibi-
tion of eosinophil apoptosis by albuterol and fenoterol in
vitro occurred at clinically relevant drug concentrations.
Long-term administration of salmeterol 50 pg twice
daily by inhalation to patients with asthma resulted in a
peak plasma concentration of 0.36 nmol/L.26 Salmeterol
is a lipophilic substance. Inhaled salmeterol binds to the
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bronchial tissue and actslocally in the lung. Thus plasma
concentrations are not predictive of therapeutic effica-
cy.26 Therefore, although the inhibition of apoptosis by
salmeterol in vitro required higher concentrations than
those obtained in plasma after inhalation, we cannot
exclude the possibility that salmeterol might inhibit
eosinophil apoptosis localy in the lung.

To find out whether prior in vivo contact between
eosinophils and B,-agonists could contribute to the pro-
longed eosinophil survival, the effect of preincubation of
eosinophils with abuterol was studied. An exposure of
eosinophils to abuterol for 120 minutes before culture
produced 45% of its maximal antiapoptotic effect. This
indicates that an in vivo exposure to B,-agonists might
have a minor contribution to the delayed eosinophil apop-
tosis in asthma. However, the inhibition of eosinophil
apoptosis by 3,-agonist was maximally 19%. The apopto-
sis index of asthmatic patients (0.25) was approximately
38% lower than that of healthy controls (0.40). Thus the
effect of B,-agonists in vitro is not enough to explain the
observed difference between the groups. Taken together, it
appears that although the inhibition of eosinophil apopto-
sis by abuterol and fenoterol occurred at clinically rele-
vant concentrations, it does not indicate that use of 3,-ago-
nists would cause the delayed eosinophil apoptosis in
asthma found in the current study. However, on the basis
of thein vitro data, 3,-agonists may contribute to or wors-
en this defect in the absence of glucocorticoids.

The maximal inhibitory effect of [3,-agonists on
eosinophil apoptosis was 19%. It could be argued that
such amodest effect is not clinically relevant in asympto-
matic or mild asthmatic patients with relatively low num-
bers of eosinophilsin the airways. However, in situations
with severe airway eosinophilia, a10% to 19% increasein
eosinophil survival might result in a significant cumula-
tive increase in the absolute numbers of eosinophilsin the
airways. However, even in patients with mild asthma reg-
ular trestment with inhaled albuterol resulted in a signifi-
cant increase in eosinophil numbers in sputum concomi-
tantly with an enhanced late allergen airway response.?!
Compared with the inhibitory effect (up to 90% inhibi-
tion) of cytokinesIL-3, IL-5, and GM-CSF on eosinophil
apoptosis,126.11-13 the effects of 3,-agonists are modest.
Because [3,-agonists are successfully used to treat asth-
matic symptoms, it would be unrealistic to expect them to
inhibit eosinophil apoptosisto asimilar extent than these
inflammatory cytokines. However, this does not exclude
the possibility that regular long-term [3,-agonist use might
augment eosinophilic inflammation. Thus the results of
our study suggest that regular B,-agonist use in the
absence of steroids might prolong eosinophil survival
through inhibition of apoptosis and thus worsen
eosinophiliain asthmatic patients.

Glucocorticoids have been reported to induce
eosinophil apoptosis in vitro.1.216.27 Furthermore, a
decrease in the numbers of sputum® and bronchiall8
eosinophils associated with an increased apoptosis index
after steroid treatment has been reported in patients with
asthma. Because only 1 of 13 patients used ora steroidsin
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addition to inhaled corticosteroids, the current results sug-
gest that inhaled glucocorticoids affect not only those in
the lung but also circulating eosinophils and reduce their
numbers by induction of apoptosis. In addition to systemic
effects, inhaled glucocorticoids might suppress pulmonary
production of survival-prolonging cytokines such as IL-5
or GM-CSF that aso affect circulating eosinophils. How-
ever, in the case of I1L-5 or GM-CSF this seems to be an
unlikely explanation for the effect of glucocorticoids seen
inthe current study. A brief contact (for 15 to 180 minutes)
with IL-56 or GM-CSF is not sufficient to prolong
eosinophil survival (ie, eosinophils require continuous
exposure to I1L-5 or GM-CSF for the survival-prolonging
action to be maintained). In contrast, part of the delayed
eosinophil apoptosis seemed to be due to production of
GM-CSF by the eosinophils. A possibility thus exists that
glucocorticoids reverse the prolonged survival at least
partly by inhibiting the production of GM-CSF. Normal-
ization of the prolonged survival of circulating eosinophils
by inhaled glucocorticoids further supports their role as
first-line anti-inflammatory therapy in asthma.

Interestingly, Wedi et al10 reported that eosinophil sur-
viva in inhalant alergy or atopy did not correlate with
periphera blood eosinophil counts or total IgE levels. Sim-
ilarly, we did not find any significant correlation between
the apoptosis index and the peripheral blood eosinophil
count. Blood eosinophil counts reflect a complex relation-
ship between the number of cells |eaving the bone marrow,
marginating, and then leaving the blood. Eosinophilscircu-
late usually less than 24 hours (half-life 18 hours) before
migrating to the tissues where they can survive for several
days.28 Thus we would not expect a defect in eosinophil
apoptosis to result in peripheral blood eosinophilia but an
increase in the number of tissue eosinophils.

Taken together, the findings suggest that eosinophil
apoptosisis delayed in asthma. This delay may be partly
explained by production of GM-CSF in eosinophils. It
seems not to be caused by [,-agonists, but the in vitro
effects of B,-agonists suggest that in the absence of
steroids, B,-agonist use might contribute to the pro-
longed eosinophil survival through inhibition of apopto-
sis and thus may worsen eosinophilia in asthmatic
patients. Use of inhaled glucocorticoids totally reverses
the delayed eosinophil apoptosis in asthma.
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