
Original article

Treatment of asthmatic patients with a cysteinyl leukotriene

receptor-1 antagonist montelukast (Singulair), decreases

the eosinophil survival-enhancing activity produced

by peripheral blood mononuclear leukocytes in vitro

A common characteristic of allergic disease is the
increased presence of eosinophils in the affected tissues
and frequently a peripheral blood eosinophilia. Eosin-
ophils produce and release cytotoxic proteins, oxygen
metabolites and lipid mediators such as cysteinyl leuko-
trienes (CysLTs), which are considered to cause promin-
ent tissue damage and increased bronchial hyper-
responsiveness (BHR) in asthmatic patients (1). Indeed,

in vivo and in vitro evidence supports the role of CysLTs
as important mediators of asthma; they are able to
contract bronchial smooth muscle, enhance mucus secre-
tion, increase microvascular permeability, and stimulate
proliferation of fibroblasts, and smooth muscle cells (2).
Montelukast is a new type of antiasthmatic drug aimed at
inhibiting the effects of leukotrienes (3). This specific
antagonist of cysteinyl leukotriene receptors acts by
blocking CysLT receptor-1 (CysLT-R1). In clinical stud-
ies, montelukast has been shown to attenuate both the
early and late asthmatic responses (4), prevent exercise-
induced bronchoconstriction (5), reduce the number of
asthmatic exacerbations (6), and permit dose reduction of
inhaled steroid (7). Moreover, in some studies monteluk-
ast treatment decreased the number of eosinophils in
peripheral blood and sputum of asthmatic patients
suggesting an antiinflammatory effect (8, 9). Only one
in vitro study has been performed that showed an
inhibitory effect of the CysLT-R antagonist pranlukast
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on the production of cytokines IL-4, IL-5, and GM-CSF
by MNC (10).
The amount of eosinophils circulating in the blood and

accumulated in the tissue is regulated at different levels
and depends on several factors including production from
bone marrow (11), life span in the blood, selective
recruitment from the circulation (12), and survival in
the tissues (13). T-cell-, monocyte- and macrophage-
derived cytokines such as IL-3, IL-5 or GM-CSF are not
only greatly responsible for eosinophil accumulation and
activation (14), but are also able to modulate their
viability by interfering with programmed cell death
(15, 16).
The aim of this study was to evaluate the production of

eosinophil survival-enhancing activity (ESEA) by periph-
eral blood mononuclear cells (MNC) from allergic
patients treated with montelukast or placebo. Further,
selected cytokines with suggested ESEA in cell-culture
supernatants were analyzed and the in vitro effect of
montelukast on intracellular GM-CSF production in
monocytes was determined.

Material and methods

Patients

Fifteen patients, nine men and six women, of mean age 32 (range 25–
51 years) with a history of seasonal rhinoconjunctivitis and asthma
(17) during last two season participated in the study. They all had a
positive skin prick test, positive radioallergosorbent assay (RAST;
class 2 or 3) to grass pollen and no relevant perennial allergy. The
symptoms from the lower airways included wheeze, dyspnea, and
exercise-induced symptoms. Seven of 15 patients received Singulair
(sodium montelukast) (Merck Sharp & Dome AB, Sollentuna,
Sweden), 10 mg daily for 6 weeks and the other eight patients
received placebo. The only rescue medication for upper-airway
symptoms were antihistamines as needed (Semprex tablets; acrivas-
tine) and b2-agonists for lower airways. The groups were matched
with regard to age, sex, and severity of allergic disease (size of skin
prick test and in vitro specific-IgE levels). Blood samples (80 ml) were
collected during the grass pollen season. Peripheral blood samples
(30 ml) from six additional grass-allergic patients who were not part
of a placebo controlled study, used for stimulation of MNC in vitro
were also collected during grass pollen season.
This double-blind, placebo-controlled study was assessed and

accepted by the Ethics Committee of Göteborg University.

MNC isolation and culture

Heparinized blood diluted 1 : 1 with phosphate buffered saline
(PBS) was applied to isotonic Percoll (density 1.084 g/ml) (Amer-
sham Pharmacia Biotech AB, Uppsala, Sweden). After centrifuga-
tion for 30 min at 1000 · g the mononuclear leukocytes were
carefully removed from the interface, washed in PBS and resus-
pended at the density of 2 · 106 cells/ml in RPMI–Hepes 20 mM
medium, supplemented with 10% heat inactivated fetal calf serum,
2 mM l-glutamine, 100 lg/ml gentamycine (Gibco BRL Life
Technologies Ltd, Paisley, UK) and 50 lM 2-mercaptoethanol
(complete medium). The cells were cultured for 72 h at 37�C in
a humidified atmosphere with 5% CO2 in a total volume of 1 ml.

Cell suspensions were then collected, centrifuged and the superna-
tants were frozen at ) 70�C for later use in the eosinophil survival
assay.

Eosinophil isolation

Eosinophils were purified from the peripheral blood of allergic
patients by negative immunoselection using the MACS system
(Miltenyi Biotec GmbH, Bergisch Gladbach, Germany) (18,19).
Briefly, heparinized blood diluted 1 : 1 with PBS was applied to
isotonic Percoll (density 1.084 g/ml) (Amersham Pharmacia). After
centrifugation for 30 min at 1000 · g the mononuclear leukocytes
and the Percoll were discarded. The erythrocytes were lyzed by
hypotonic shock performed using ice-cold water. Anti-CD16
MicroBeads (Miltenyi Biotec) were added to the cell pellet con-
taining neutrophils and eosinophils and after incubation for 1 h at
4�C the cell suspension was applied to a depletion column in a
magnetic field. The CD16-negative eosinophils were eluted from the
column, collected by centrifugation and resuspended in complete
RPMI medium (without 2-mercaptoethanol). The purity of the
eosinophils was 98–99%, as assessed by May–Grunewald/Giemsa
staining. The viability of the cells was 98–99%, as assessed by
trypan blue exclusion.

Eosinophil survival assay

Freshly isolated eosinophils were seeded in 96-well plates and the
diluted MNC culture supernatants were added to wells to a final
concentration of 5% (v/v). Cells were cultured in a total volume of
100 ll at a density of 1 · 106 cells/ml. As a control, eosinophils were
cultured in complete RPMI medium alone, without addition of
MNC supernatants. The eosinophils were incubated for 48 and
72 h at 37�C in a humidified atmosphere with 5% CO2.
Cell viability was assessed by the use of fluorescein-diacetate

(FDA) and propidium iodide staining. The proportion (%) of
living (FDA positive) and dead (propidium-iodide positive) cells
was determined using a flow cytometer (FACS Calibur, Becton
Dickinson, San Jose, CA, USA). In each analysis 10 000 cells were
counted. Duplicate samples were run in parallel and the results are
expressed as a mean of two experiments.

Inhibition assay

In separate experiments, neutralizing antibodies against IL-5
(0.5 lg/ml), GM-CSF (0.5 lg/ml) (PharMingen Int., San Diego,
CA, USA), IL-3 (0.25 lg/ml), IFN-c (0.25 lg/ml) and TNF-a
(0.25 lg/ml) (R & D Systems Europe Ltd, Abingdon, UK) were
added alone or in combination to the diluted (10%, v/v) MNC
supernatants and the mixtures were then incubated for 1 h at 37�C.
In parallel, supernatants were preincubated with the relevant con-
trol antibodies; specific rat IgG2a antibody (PharMingen Int.) for
anti-IL-5 and GM-CSF, and goat IgG antibody (R & D Systems
Europe Ltd) for anti-IL-3, IFN-c and TNF-a. The pretreated su-
pernatants were added to freshly isolated eosinophils at a final
concentration of 5% (v/v) and the cells were cultured at 37�C in a
humidified atmosphere with 5% CO2. Control eosinophils were
cultured in complete RPMI medium alone, without addition of
MNC supernatants. After 72 h the eosinophil viability was assessed
as described above and the relative number of viable eosinophils
(eosinophil survival) was calculated as the proportion (%) of FDA-
positive cells.
The eosinophil survival values were obtained by subtracting the

survival of control eosinophils (with medium alone) from the sur-
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vival of eosinophils in the presence of supernatants. The results
presented are the mean values from two experiments.

GM-CSF and IL-5 determination

The concentration of GM-CSF and IL-5 in the MNC supernatants
was determined by the use of a sandwich enzyme-linked immuno-
absorbent assay (ELISA). The commercial ELISA kits (R & D
Systems Europe Ltd) were used according to the manufacturer’s
instructions. The sensitivity of the assays was A2.8 pg/ml and
A3.0 pg/ml, respectively.

Stimulation of MNC and intracellular staining for GM-CSF

Mononuclear cells separated form peripheral blood of six grass-
pollen allergic patients were resuspended in RPMI medium
(supplemented with 5% FCS, glutamine and gentamicin) at the
concentration of 2 · 106 cells/ml. Cells were preincubated with
montelukast sodium (0.25 lg/ml, 0.5 lg/ml and 1 lg/ml) (a gift
from Dr A. E. Naidoff from Merck & Co., Inc; Rahway, NJ, USA)
or vehicle for 1 h at 37�C. Subsequently, grass extract 30 lg/ml
(PHI p, ALK Abello, Horsholm, Denmark) was added to part of
the cultures. After four hours of incubation, PHA-L (10 lg/ml)
(Sigma-Aldrich, St Louis, USA) and brefeldin A (Golgi Stop,
PharMingen Int.) were added to all cultures and cells were further
incubated for 14 h at 37�C in a humidified atmosphere with 5%
CO2. Following culture cells were collected and washed with PBS–
FCS 1% at 4�C. All further procedures were carried on ice. Fc-
receptors were blocked with 1% of mouse and rat serum (Dako A/
S, Glostrup, Denmark) for 30 min at 4�C and cells were preceded
for surface staining with anti-CD14 antibodies. Subsequently cells
were fixed with phosphate-buffered paraformaldehyde (PFA) 2%
for 20 min at 4�C and permeabilized with saponin (Perm-Wash
solution, PharMingen Int.). Saponin solution was also used for
incubation with monoclonal PE-conjugated anti-GM-CSF anti-
bodies (PharMingen Int.) (0.12 lg/106 cells). After 30 min cells were
washed, resuspended in PBS–PFA 1% and kept at 4�C until ana-
lysis on flow cytometer (FACS Calibur, Becton Dickinson).
The percentage of GM-CSF positive monocytes after allergen

stimulation was calculated by subtracting the number of GM-CSF
positive cells following PHA stimulation (basic level) from the
numbers of monocytes producing GM-CSF cells after stimulation
with allergen and PHA.

Statistical analysis

Comparison of results from the two groups of patients was per-
formed using the Mann–Whitney U-test. The Wilcoxon matched-
pairs test was used to evaluate the results of the inhibition assay.
Correlations between different parameters were evaluated by the
Spearman rank order correlation test. A P value of <0.05 was
considered to be statistically significant. All statistical tests were
performed on a personal computer by the use of the Statistica

software package (StatSoft Inc. Tulsa, OK, USA).

Results

Eosinophil survival assay

Culture of eosinophils with mononuclear cell superna-
tants significantly (P < 0.05) increased their survival
compared with culture in medium alone. Eosinophil

survival in MNC supernatants from the placebo-treated
patients was significantly enhanced both after 48 and
72 h of culture compared with survival in MNC super-
natants from the montelukast-treated patients (Fig. 1).

Inhibition assay

To test the involvement of different cytokines in the
increased eosinophil survival in the presence of MNC
supernatants, specific neutralizing antibodies against
GM-CSF, IL-5, IL-3, IFN-c, and TNF-a were used.
Preincubation with the antibody against GM-CSF
(Fig. 2A) significantly and markedly decreased the ESEA
of the supernatants from all patients, both placebo and
montelukast-treated. The antibody against IL-5 markedly
decreased the ESEA in one of the eight supernatants in
the placebo group, while a minor—but significant—effect
was observed in case of the other supernatants (Fig. 2B).
Antibody against IFN-c induced a marked decrease of
the ESEA of one supernatant from another patient in the
placebo group, and a minor but significant inhibition of
the ESEA of the other supernatants from the placebo
group (Fig. 2C). The addition of antibody against anti-
IL-3 (Fig. 2D) as well as TNF-a (results not shown)
induced a minimal decrease of the ESEA, which was
significant in case of supernatants from the placebo
group.
Antibody against GM-CSF induced a significantly

(P < 0.05–P < 0.01) greater decrease in the ESEA than
anti-IL-3, anti-IL-5, anti-IFN-c and anti-TNF-a, respec-

Figure 1. Eosinophil survival in (MNC) supernatants and
culture medium. Significant differences between eosinophil sur-
vival-enhancing activity (ESEA) in MNC supernatants from
placebo- and montelukast-treated patients are indicated. The
results shown are medians ± SEM.
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tively, in supernatants from all patients (Table 1). Anti-
GM-CSF combined with anti-IL-5 (Fig. 2E), and the
combination of anti-GM-CSF, anti-IL-5 and anti-IFN-c
(Fig. 2F) significantly and markedly decreased the ESEA
of the supernatants from all patients, both placebo-

treated and montelukast-treated. The level of ESEA after
treatment with the combination of anti-GM-CSF, anti-
IL-5 and anti-IFN-c was significantly (P < 0.05) lower
than that after treatment with anti-GM-CSF alone, in
supernatants from the placebo group.

Figure 2. Eosinophil survival-enhancing activity (ESEA) in mononuclear cell (MNC) supernatants treated with control or neutralizing
antibodies against (A) granulocyte/macrophage colony-stimulating factor (GM-CSF); (B) interleukin (IL)-5; (C) interferon (IFN)-c;
(D) IL-3; (E) GM-CSF and IL-5; (F) GM-CSF, IL-5, and IFN-c. Statistical comparisons between the effect of control antibody and
the respective neutralizing antibody are indicated. Horizontal bars indicate median values. The zero level of eosinophil survival
denotes the survival in culture medium only.
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GM-CSF and IL-5 levels in MNC supernatants

The mean GM-CSF level in the MNC supernatants from
patients receiving placebo was significantly higher than
that in supernatants from montelukast-treated patients
(Fig. 3). A considerable amount of IL-5 was detected in
the MNC supernatant from one patient in the placebo
group. The same MNC supernatant showed the highest
inhibition of ESEA upon the addition of anti-IL-5
antibody. In the other MNC supernatants, the amount
of IL-5 was low—in many cases below the detection level
(results not shown).

Correlation between GM-CSF level and eosinophil survival

The concentration of GM-CSF in the supernatants
shown a significant correlation to the ESEA (r ¼ 0.804,
P <0.001), when the results from all patients were
evaluated together. When evaluated separately for each
group of patients the correlation for the placebo group
was r ¼ 0.762, P <0.05, and for the montelukast group
r ¼ 0.720, P ¼ 0.06.

Intracellular staining for GM-CSF

The production of GM-CSF by monocytes in response to
stimulation of allergen in vitro was decreased by the
montelukast at all investigated concentrations, reaching
significance (P ¼ 0.03) at the highest concentration used
(1 lg/ml) (Fig. 4).

Discussion

Prolonged survival could be one of the major mechanisms
responsible for the raised number and possibly the
increased activity of eosinophil granulocytes in asthma.
Therefore treatments that interfere with the production of
eosinophil survival-enhancing activities by MNCs are

Table 1. Inhibitory effect of neutralizing antibodies on the eosinophil survival-en-
hancing activity (ESEA) of mononuclear cell (MNC) supernatants. D: difference in
ESEA in the presence of the control antibody compared with the respective neut-
ralizing antibody

Antibody

D ESEA

Placebo
(n ¼ 8)

Montelukast
(n ¼ 7)

Anti-GM-CSF 22.3 15.1
(7.7–27.7) (4.3–26.9)

Anti-IL-3 3.5* 2.1**
(1.1–6.1) () 1.6–4.6)

Anti-IL-5 4.5** 5.0**
() 2.3–19.7) (0.4–7.9)

Anti-IFN-c 3.5* ) 0.6**
() 0.2–29.6) () 1.5–1.8)

Anti-TNF-a 3.1** 2.5**
() 0.2–9.4) () 1.4–4.4)

Anti-GM-CSF + anti-IL-5 18.9 12.1
(12.8–41.6) (2.7–20)

Anti-GM-CSF + anti-IL-5 +anti-IFN-c 26.8 11.4
(8.3–49.9) (0.9–25.5)

The results are shown as medians and ranges. Significant differences between the
inhibitory effect of anti-GM-CSF and the other antibodies as calculated by Mann–
Whitney U-test are indicated by P values.
* P < 0.05.
** P < 0.01.

Figure 3. Levels of granulocyte/macrophage colony-stimulating
factor (GM-CSF) in mononuclear cell (MNC) supernatants.
The results of the statistical comparison between MNC super-
natants from placebo- and montelukast-treated patients are
indicated. Horizontal bars indicate median values.

Figure 4. The percentage of granulocyte/macrophage colony-
stimulating factor (GM-CSF) positive monocytes after culture
in vitro with vehicle or montelukast. Results are shown as
median and SEM. Significant differences (P < 0.05) between
vehicle and montelukast concentrations are indicated.
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of special interest. Our study shown that the production
of eosinophil survival-enhancing activity (ESEA) by
peripheral blood MNCs of asthmatic patients is decreased
after treatment in vivo with a leukotriene receptor-1
antagonist (montelukast). The dominant ESEA in the
MNC supernatants, both from the placebo- and the
montelukast-treated group, was identified as GM-CSF.
In addition, IL-5 and IFN-c contributed, to a lesser
extent, to the ESEA in the MNC supernatants.
GM-CSF and IL-5 are both well known to stimulate

different aspects of eosinophil function in vitro (20, 21). In
the present study GM-CSF, and not IL-5, was found to
be the predominant cytokine in MNC supernatants
responsible for prolonged eosinophil survival, in agree-
ment with previous investigations (22, 23). The total
ESEA correlated with the concentration of GM-CSF in
the supernatants and both the ESEA and GM-CSF
concentration were significantly higher in the placebo
group compared with montelukast-treated group. The
concentration of IL-5 in the MNC supernatants was
similar in both patient groups. However, this result is
probably influenced by the sensitivity of the assay, as
concentration of IL-5 was below the detection limit in
most supernatants.
IL-3 and IFN-c have previously been reported to

prolong eosinophil survival in vitro (24, 25). In agree-
ment with other studies (26), we also found that IL-3
contributed only to a minor part of the ESEA in MNC
supernatants, and its effect was only detectable in the
placebo group. The inhibition of ESEA in placebo group
supernatants by antibody against IFN-c indicated that
this cytokine also contributes to the ESEA, although to
a lesser extent than GM-CSF. TNF-a can prolong
eosinophil survival either directly by delivering antia-
poptotic signals (27), or indirectly by stimulating eosin-
ophils to produce and release GM-CSF, thus increasing
their viability (28). In this study, the inhibitory effect of
anti-TNF-a antibody was minimal compared with that
of anti-GM-CSF and was seen only in supernatants
from the placebo group. Furthermore, considerable
amounts of GM-CSF were present in the supernatants
before culture with eosinophils, and the levels of GM-
CSF correlated to the ESEA. Accordingly, we suggest
that the GM-CSF that constituted the major part of
ESEA in the MNC supernatants was produced by the
MNC and not induced by TNF-a stimulation of
eosinophils.
Administration of CysLT-R antagonists results in

improvement of pulmonary function and better control
of asthmatic symptoms but exact mechanisms underlying
these effects are not fully understood (29). Addition of
CysLT-R antagonist pranlukast in vitro to antigen
stimulated PBMNCs obtained from asthmatics signifi-
cantly decreased the amount of Th2-type cytokines (IL-4,
IL-5, IL-3 and GM-CSF) (10) compared with medium
alone. Another study indicated that montelukast dimin-
ishes the levels of IL-5 mRNA and the secretion of

CysLTs from MNC (30). The exact cellular source of the
examined cytokines has not been established. The recent
characterization of the human CysLT-R1 identified per-
ipheral blood cells that could possibly respond to CysLT
signaling, such as eosinophils, basophils, B lymphocytes,
and monocytes (macrophages) (31). Although the mRNA
expression of CysLT-R1 has been confirmed in T lym-
phocytes (32), the protein was detected only in a small
percentage of T cells (4%) (31).
We examined in vitro the effect of montelukast on GM-

CSF production by monocytes, as this population of cells
is clearly a potent producer of GM-CSF. In addition, a
recent report shows that monocytes constitutively express
low levels of CysLTR1 mRNA and this expression is
markedly increased after stimulation with Th2 type
cytokines IL-4 and IL-13, at both mRNA and protein
levels (33). Indeed, using intracellular staining we showed
that montelukast suppressed the allergen-induced pro-
duction of GM-CSF by monocytes in vitro. The observed
decrease of GM-CSF production was specific and not
from lower viability of mononuclear cells, as the latter
was unaffected by the incubation with varying concen-
trations of montelukast.
We have not observed complete inhibition of GM-CSF

production. GM-CSF remained an eosinophil survival
factor also after montelukast treatment. We suggest that
montelukast may act by decreasing GM-CSF production
from monocytes. Obviously monocytes are not the only
source of GM-CSF in peripheral blood, however the
production of GM-CSF by other cell populations has not
been examined in this study. In an in vitro study, by
comparison, addition of corticosteroids decreased
GM-CSF production from monocytes down to 16% of
control levels, but complete inhibition could still not be
observed (34). Similarly, although treatment with intra-
venous prednisolone reduced production of GM-CSF
from LPS-stimulated PBMNC, the levels still remained
detectable (35).
Previous in vitro studies suggested that anti-inflamma-

tory effect of CysLTR1 antagonists could be mediated
through reduced cytokine production by MNC (29,30).
Accordingly, we have shown a decrease in the ESEA
produced by PBMNC of patients treated with monteluk-
ast. We suggest that the observed decrease is due to a
general reduction in production of selected cytokines.
One possible mechanism behind this effect could be
binding of the drug to the CysLT-R1 on PBMNC,
possibly on monocytes, thus preventing their activation
by CysLTs and subsequent production of cytokines. The
primary clinical effect of CysLT-R1 antagonists is con-
sidered to be located to the lung. Results of this study
point to the possibility that montelukast affects the
ongoing inflammatory process by inhibiting the cytokine
production by cells in lung tissue.
Another possible mechanism could be that CysLT-R1

antagonists inhibit the direct effect of CysLTs on eosin-
ophils. LTC4 and LTD4 and not only prolong eosinophil

Becler et al.

1026



life span, but also mediate GM-CSF-induced survival
signals (36). However, this effect was not investigated in
our study.
The degree of clinical effect of antiasthma drugs

varies between asthmatic patients. CysLTs are potent
mediators contributing to many features of asthma. But
given the multifactorial character of the disease, a
larger number of patients or a more dynamic disease
model is required to show distinct clinical benefits of a
relatively selective agent (5–7). The model of asthma is
of major importance. For example it is easier to show a
clinical effect in patients with moderate-to-severe disease
(9), or in the experimental setting of allergen challenge
(8), compared with mild seasonal asthma. Despite lack
of clinical effect in montelukast-treated patients com-
pared to placebo in our small, unpublished seasonal
study (n ¼ 35), a significant increase in eosinophil
number was observed in the placebo but not treated
group. The number of patients and degree of allergen
exposure was not sufficient to show a clinical difference
between the montelukast- and placebo-treated groups.
Interindividual variations in the effect of the CysLT-R1

antagonist were clearly shown when the inhibitory effect
of another receptor antagonist, zafirlukast, on early and
late allergic reaction (37), and the effect of montelukast
on adenosine monophosphate bronchial challenge were
studied (38). Nevertheless decrease in eosinophil num-
ber in peripheral blood and sputum is a consistent

finding in both smaller and larger studies (9, 39).
Cellular changes seem a more sensitive marker of an
effect than perception of the symptomatic changes by
the patients.
The ability to process large numbers of samples is

another limiting factor in mechanistic studies.
The pattern of cytokines produced by MNCs of

asthmatic patients also seems to be individual. The
variation in patterns of cytokine release, as regulatory
factors directing effector cell functions, could at least
partly explain individual responses to a particular drug.
In summary, this investigation has shown that treatment

of patients with montelukast decreases the production
of MNC-derived cytokines, such as GM-CSF, IL-5,
and INF-c, where GM-CSF was the predominant cyto-
kine responsible for the ESEA. Moreover, the in-vitro
results suggest that CysLT-R1 antagonists may act by
suppressing GM-CSF production from monocytes in the
circulation.
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