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Provocation with adenosine 5’-monophosphate, but not methacholine, induces

sputum eosinophilia
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Summary

Introduction Bronchial hyper-responsiveness is usually measured with direct stimuli such as
methacholine (MCh) or histamine. Adenosine 5’-monophosphate (AMP), which acts indirectly via
the secondary release of mediators, is another stimulus to measure bronchial hyper-responsiveness.
Aim To investigate whether provocation with inhaled AMP itself initiates an inflammatory
response resulting in an influx of eosinophils into the airway lumen.

Methods We have included 21 non-smoking atopic asthmatic subjects (mean FEV; 101%
predicted, mean age 34 years). Each subject performed three sputum inductions on different days,
at least seven days apart: one without previous provocation, one hour after PC, methacholine, and
one hour after PC,y AMP.

Results  After provocation with AMP, but not methacholine, the percentage of sputum eosinophils
increased significantly (from 1.94+0.5% to 4.5+1% (P<0.01) and 1.94+0.5% (P =10.89)). No
changes in the percentages of neutrophils, lymphocytes, macrophages, or bronchial epithelial cells
were found.

Conclusion A provocation test with AMP leads to an increased percentage of sputum eosinophils.
This observation cannot be explained by a non-specific response of the airways to a vigorous

bronchoconstriction, since methacholine had no effect on inflammatory cells.
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Introduction

Bronchial hyper-responsiveness and airway inflammation,
and in particular eosinophilic inflammation, are characteristic
features of asthma. Bronchial hyper-responsiveness is usually
measured with methacholine or histamine. These are both
direct stimuli, since they exert their effect directly on
airway smooth muscle. Another possible stimulus to measure
bronchial hyper-responsiveness is adenosine 5’-mono-
phosphate (AMP). Presently, there is an increasing interest
in the role of AMP as a bronchoconstrictor stimulus in
asthma, since there is suggestive evidence that the PC,y, AMP
better reflects airway inflammation than the PC,, metha-
choline [1-3].

Several lines of evidence indicate that AMP induces
bronchoconstriction via the release of mast cell mediators
through activation of A,p receptors. Firstly, adenosine
enhances the release of a variety of inflammatory mediators
like histamine, prostaglandins, leukotrienes, and IL-8 from
human mast cells ‘in vitro’ [4, 5]. Secondly, endobronchial
instillation of AMP results in an immediate increase in the
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levels of both histamine and the (mast cell specific) protease
tryptase in bronchoalveolar lavage fluid [6].

In recent years, there has been a tendency to attach less
importance to the role of the mast cell as an effector cell in
asthma. However, new findings have led to a resurgence of
interest in the mast cell and support a reevaluation of its role.
In particular, the discovery that mast cells are a source of
T-helper 2 type cytokines suggests that mast cell activation
can contribute to orchestration of the asthmatic inflamma-
tory response [7-9]. The aim of this study was to investigate
whether inhalation of AMP will initiate an inflammatory
response resulting in eosinophilic influx in sputum. If so, it
can be speculated that the AMP-induced increase in sputum
eosinophils will be less pronounced in subjects who use
inhaled corticosteroids, since inhaled corticosteroids have a
general inhibitory effect on eosinophil recruitment, migration,
and chemotaxis [10].

We have included 21 asthmatic patients. Eleven subjects
used inhaled corticosteroids. Each subject performed three
sputum inductions and blood collections on different days at
least seven days apart: one without previous provocation, 1 h
after PC,, methacholine, and 1 h after PCyo AMP. The study
was designed in a crossover fashion such that each subject
served as his or her own control. To exclude the possibility
that our observations could be explained by a non-specific
response of the airways to a vigorous bronchoconstriction, we
used methacholine as a control challenge [11-14].
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Patients and methods

Patients

Twenty-one patients with a diagnosis of asthma, 18-65 years
old, were included if they met the following criteria: a doctor’s
diagnosis of asthma, non-smoking, documented PC,y metha-
choline <8 mg/mL, PCyy AMP <320 mg/mL at the first visit,
at least one positive skin prick test out of 18 common aero-
allergens, and the ability to produce sputum. All patients were
required to have stable asthma for at least 1 month preceding
and during the study. Long-acting beta-agonists were not
allowed for 48h before each visit. We have included both
patients who regularly used inhaled corticosteroids and
patients who had not used inhaled corticosteroids for at least
6 months.

Study design

Patients were asked to attend three visits to the hospital with
an interval of 1-3 weeks. At the first visit, sputum induction
and blood collection were performed 1h after a PC,y AMP
(AMP visit). At the second and the third visits, sputum
induction and blood collection were performed in random
order either 1h after a PC,, methacholine (methacholine
visit) or without previous provocation (control visit). Thus,
the study was designed in a crossover fashion such that each
subject served as his or her own control. The study protocol
was approved by the local medical ethics committee and all
participants gave their written informed consent.

Airway function

FEV,; was measured with a calibrated dry wedge spirometer
(Jaeger Masterscope, Hoechberg, Germany) according to
standardized guidelines [15, 16]. Provocation tests were
performed using a 2min tidal breathing method, adapted
from Cockcroft and coworkers [17, 18]. After an initial
nebulized saline challenge, subjects inhaled doubling concen-
trations, ranging from 0.04 to 320 mg/mL for AMP (Sigma,
St Louis, USA) and 0.038 to 19.6 mg/mL for methacholine-
bromide (Sigma, St Louis, USA), at Smin intervals.

Sputum induction and sputum processing

Sputum was induced by inhalation of hypertonic saline
aerosols as previously described [16]. Fifteen minutes after
salbutamol (200 pg) inhalation, hypertonic saline (3%, 4%,
and 5%) was nebulized for each concentration during 7 min.
Whole samples were processed according to the method of
Fahy et al. with some modifications [16, 19]. Samples with
contamination of >80% squamous cells were excluded from
analyses. Subjects were excluded if they were unable to
produce an evaluable sputum sample at one or more study
visits. At least 600 non-squamous cells were counted by one
investigator who was blinded to the type of challenge and the
counts were expressed as percentages.

Biochemical assays

The concentration of eosinophilic cationic protein (ECP) in
serum and sputum were measured using a fluoroenzyme
assay, the ImmunoCAP ECP (provided by Pharmacia,

Uppsala, Sweden). The concentration of interleukin 8 (IL-8)
in sputum was measured by ELISA (CLB, Amsterdam).

Statistical methods

All calculations of PC,y were performed with the base-2
logarithm (logy) since this reflects doubling concentrations
and normalizes the distribution. The normality of distribu-
tions was assessed using the Kolmogorov—Smirnov test. If
this test resulted in a P-value<0.05, normalization by
logarithmic transformation was attempted. All data were
analysed using the Student’s 7-test for matched pairs in case of
normal distribution and the Wilcoxon signed ranks test
otherwise. Values are presented as mean+standard error of
the mean (SEM) unless stated otherwise. When analysing the
subgroups of patients with and without inhaled corticoster-
oids, the Wilcoxon signed ranks test was used.

Results

Patient characteristics

Twenty-one patients were included into the study. Eleven
patients used inhaled corticosteroids. The baseline character-
istics are presented in Table 1. No significant differences in
baseline characteristics were found between patients with and
without the use of inhaled corticosteroids. Concentrations of
sputum ECP and IL-8 were measured in 16 patients after a
PC,y AMP, in 17 patients after a PC,y methacholine, and in
17 patients at the control visit. Blood cell numbers and
differential counts were performed in 21 patients after a PCy,
AMP and in 19 patients after a PC,y, methacholine and at the
control visit. The concentration of ECP in blood was assessed
in all patients. We did not find any differences in baseline
FEV,% predicted between the AMP visit, the methacholine
visit, and the control visit (1034+2.7%, 1034+3%, and
1034+3%, respectively, P>0.05). Further, we found no
difference in the maximum percentage fall in FEV; between
an AMP challenge and a methacholine challenge (mean+
SEM 27+1.2% vs. 27+1.6%, P =0.76).

Changes in inflammatory parameters in induced sputum
and blood one hour after a provocation test with either
AMP or methacholine

For the group as a whole (both patients with and without
inhaled corticosteroids), the percentage of sputum eosinophils
increased significantly after a PC,y AMP, but not after a PC,,
methacholine (from 1.940.5% to 4.54+1%, P<0.01 and
1.940.5% to 1.94+0.5% respectively, P =0.89) (see Table 2
and Fig. 1). In addition, we found that the percentage of
sputum eosinophils increased significantly after a PCyy AMP
within the subgroup of patients who did not use inhaled
corticosteroids (from 2.0+0.73% to 4.2+1.2%, P =10.04),
whereas a non-significant trend was found within the
subgroup of patients who did use inhaled corticosteroids
(from 1.94+0.7% to 4.8+1.4%, P=0.09) (see Fig. 1). When
directly comparing the magnitude of the AMP-induced
change in sputum eosinophils between the two groups (i.e.
patients with and without inhaled corticosteroids), we did not
find a significant difference (the change being 2.8 +1.5% vs.
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Table 1. Characteristics and cell count data of the study population*

All patients Patients with ICS Patients without ICS
n=21 n=11 n=10

Age (years) 33+2 35+4 31+7 NS
Gender M/F 714 5/6 2/8 NS
Smoking, n

Current 0 0 0 NS

Never 17 7 10 NS
Dose of inhaled corticosteroids{ 1072.7+187.4
FEV, (%pred.) 103+3 99+3.5 107+4.8 NS
PCoo meth (mg/mL)i§ 0.8+1.4 1.1+0.6 43+1.8 NS
PCoo AMP (mg/mL)i§ 11.1+1.4 8.6+1.6 14.6+1.8 NS
Blood eosinophils (10%/L) 0.2+0 0.2+0.1 0.2+0.1 NS
Sputum ECP (ng/mL)i§ 61.6+1.4 67.5+1.7 57.8+1.7 NS
Sputum IL-8 (ng/mL)i§ 982.2+1.3 790.5+1.6 1118.7+1.4 NS
Sputum

Total cell count (10° cells)1,§ 26+1.3 21+14 3.3+14 NS

Macrophages, % 40.94+6.3 42.3+8.4 39.4+10 NS

Lymphocytes, % 1+0.2 1+0.3 1+0.3 NS

Neutrophils, % 55.7+6.6 54.4+8.7 57.2+10.5 NS

Eosinophils, % 1.9+0.5 1.9+0.6 2+0.7 NS

Bronchial epithelial cells, % 0.5+0.2 0.5+0.2 0.5+0.3 NS

*Values are expressed as mean+SE of the mean. {Expressed as pug beclomethasone or equivalent (100 ug beclomethasone = 100 ug budesonide = 50 ug
fluticasone). {Geometric mean and geometric standard error of the mean. §Log transformed to obtain normal distribution.

Table 2. Blood and sputum inflammatory markers after a PCxowith either AMP or methacholine and a control visit*

PCz
PCyy AMP methacholine Control
n=21 n=21 n=21
Sputum
Total Cell Count, (10° cells)t 2+0.1 1.240.1 2.6+0.1
Eosinophils, % 45+1§ 1.9+05 1.9+0.5
Lymphocytes, % 1.14+0.3 0.8+0.2 1+0.2
Macrophages, % 34+5.2 36.2+5.3 40.9+6.3
Neutrophils, % 59.44+5.5 60.4+5.5 55.7+6.6
Bronchial epithelial cells, % 0.7+0.2 0.84+0.3 0.54+0.3
ECP (ng /mL)7f 55+1.3 34.2+1.3§ 61.6+1.4
IL-8 (ng/mL)1t 1327+1.2 1452.4+1.3 982.2+1.3
Blood
Eosinophils (10%L) 0.2240 0.20+ 0§ 0.2140
Neutrophils (10%L) 43403 3.9+0.3 41403
Lymphocytes (10%/L) 2.0+0.7 1.9+0.2 240.2
Monocytes (10%/L) 0.5+0.1 0.52+0 0.5+0
Basophils (109/L) 0.05+0.03 0.04+0.05 0.04+0.01
ECP (ng/mL) 10.1+1 10.5+1.5 10.1+1.2

*Values are expressed as mean + standard error of the mean. 1Geometric mean+geometric standard error of the mean. iLog transformed to obtain normal
distribution. §Significantly different compared with control.

2.240.9%, P =0.8). The concentration of sputum ECP and
the number of eosinophils in blood decreased significantly
after methacholine challenge (P =0.04 and P = 0.01, respec-
tively), but not after AMP challenge (see Table 2). No further
changes in percentages of inflammatory cells in sputum and
peripheral blood were observed after a provocation test with
either AMP or methacholine. In addition, the concentration
of IL-8 in sputum and ECP in blood did not significantly

change after a provocation test with AMP or methacholine.
We have also analysed our data using total cell counts in
sputum instead of percentages of cells. Similarly, the number
of eosinophils in sputum tended to increase after a PC,y AMP
(P =0.08), but not after a PC,y, methacholine (P =0.43),
whereas no changes in the numbers of lymphocytes, macro-
phages, neutrophils, or bronchial epithelial cells were
observed.
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Fig. 1. Percentages of sputum eosinophils 1 h after provocation with either
AMP or methacholine, and at the control visit. Data are presented for all

patients (whole group), for patients who used inhaled corticosteroids (with
ICS), and for patients who did not use inhaled corticosteroids (without ICS).

Discussion

This study demonstrates that a provocation test with AMP,
but not methacholine, induces an increase in the percentage
of sputum eosinophils in patients with asthma. These
observations suggest that inhaled AMP has a rapid (within
1 h) effect on airway migration of eosinophils in asthmatic
subjects.

Our findings of an increase in sputum eosinophils are
compatible with the results of Spruntulis and colleagues [20]
in an animal model. They observed a significant increase of
inflammatory cells (both macrophages and eosinophils) in the
bronchoalveolar lavage fluid (BAL) of guinea-pigs within 1 h
after exposure to AMP. We have extended these findings in
two ways. Firstly, we have demonstrated that an inflamma-
tory response after inhalation of AMP also occurs in humans.
However, we did not observe an increase in macrophages, but
a selective increase of eosinophils. This could be due to
differences in the airway response to AMP between humans
and guinea-pigs. The difference in outcome with respect to
macrophages may also be due to the use of different
compartments of the airways (i.e. BAL and sputum), since
sputum has been shown to contain less macrophages than
BAL [21]. Secondly, we have also performed sputum
induction 1 h after a PC,y methacholine as a control challenge
and no change in sputum cell differential was observed. This
makes it unlikely that the observed increase in sputum
eosinophils can be explained by a non-specific response to a
vigorous bronchoconstriction of the airways, as has been
suggested by Diamant et al. [12].

How can we interpret the findings of our study? Once
inhaled, AMP is rapidly converted to adenosine by the
ubiquitous enzyme 5'-nucleotidase. Adenosine can activate at
least four different adenosine receptors, namely adenosine A1,
Aoa, Asp, and Aj receptors. The activation of A,p receptors
present on human mast cells is thought to mediate the

bronchoconstrictor response to AMP via the release of a
variety of inflammatory mediators [22]. There are various
suggestions in the literature that mast cell-derived mediators
could account for the influx of eosinophils into the airway
lumen. It has been demonstrated that the proteases tryptase
and chymase provide a potent stimulus for eosinophil
accumulation following an injection into the skin of guinea
pigs [23-25]. Further, inhalation of LTD,4 and LTE,, which
are the major lipoxygenase products of mast cells and the
cytokines TNF-alpha and IL-4, are associated with increases
of eosinophils in sputum and bronchial biopsies [12, 13, 26-28].
It cannot be deduced from our data as to whether the increase
in sputum eosinophils is due to an AMP-induced migration of
eosinophils from peripheral blood to the airways or, alter-
natively, due to migration from the sub-epithelial compart-
ment to the epithelium and hence sputum in response to the
release of epithelial mast cell mediators.

Another possible mechanism for the AMP-induced increase
in sputum eosinophils might be an effect of adenosine on A;,
Asa, and Aj receptors, which have been identified on
neutrophils, eosinophils, and macrophages. Although the
exact consequences of their activation are difficult to predict,
various pro- and anti-inflammatory actions have been
described; activation of adenosine A; receptors promotes
chemotaxis of neutrophils and increases adherence of
neutrophils to endothelial cells [29, 30]. In contrast, the
activation of adenosine A, receptors reduces chemotaxis,
activation, and degranulation of neutrophils and activation of
Aj; receptors mediates the inhibition of eosinophil chemotaxis
when activated [31, 32]. The exact consequence of activation
of different adenosine receptors remains to be sorted out in
future studies.

We did not find any changes in percentages of sputum
eosinophils, macrophages, lymphocytes, neutrophils, or
bronchial epithelial cells 1 h after provocation with methacho-
line. This is in agreement with other studies in which no
changes in percentages of inflammatory cells in sputum or
bronchoalveolar lavage fluid were found within 30 min, 1, 4,
and S5h after provocation with methacholine [11-14, 33].
However, we unexpectedly found a decrease in the concen-
tration of sputum ECP and the number of peripheral blood
eosinophils. This is in contrast to the findings of Spanevello
and colleagues, who did not observe a change in the
concentration of sputum ECP after methacholine challenge.
A possible explanation for this discrepancy could be that
Spanevello and colleagues have evaluated the effect of
methacholine challenge on sputum ECP in only 9 patients
and this small number may have limited the power to detect
changes. Alternatively, the fall in sputum ECP and peripheral
blood eosinophils after a PC,, methacholine could be a
chance finding, especially in view of the multiple parameters
tested in this study.

In our study, all subjects performed a PC,q AMP followed
by sputum induction at the first visit, after which they were
randomized to either methacholine provocation or baseline
sputum induction at the second and the third visits. Thus, a
point of criticism of our study design could be that an ‘order
of measurement bias’ cannot be excluded. However, we are
confident that this study design did not affect our results.
Firstly, all study visits were separated by an interval of at least
one week, because we felt it likely that the influence of either a
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provocation test (with AMP or methacholine) or a sputum
induction will have disappeared at the subsequent visit. In
agreement with this, it has been demonstrated in a recent
study that an interval of at least two days between subsequent
sputum inductions gives reproducible cell differential counts
[34]. In addition, no change in sputum cell differential counts
could be observed in previous studies up to 4h after a
provocation test with methacholine [12, 35]. We are the first
to demonstrate that a provocation test with AMP will
increase the percentage of eosinophils in sputum, and it
is unknown whether this increase will have normalized after
1 week. If not, our study design would have made it even
more difficult to detect an AMP-induced increase in sputum
eosinophils. Finally, it is unlikely that our results were
influenced by seasonal effects, since patients were included
into the study throughout the year and baseline FEV,%
predicted values were similar at all visits.

The observed AMP-induced increase in the percentage of
sputum eosinophils appeared to be independent of the use of
inhaled corticosteroids. This was an unexpected finding, since
inhaled corticosteroids have a general inhibitory effect on
eosinophil migration and chemotaxis [36, 37]. A possible
explanation for this observation may be that the severity of
asthma (i.e. the level of FEV,, PC,;, methacholine, PC;,
AMP, and the extent and activation of airway inflammation)
did not differ at baseline between patients with and without
inhaled corticosteroids. In addition, airway insult was the
same in both groups in terms of the achieved percentage
drop in FEV, during the airway challenge test with AMP.
It could be speculated that the pre-existing increased
inflammatory activation state in those patients with in-
haled corticosteroids was already counterbalanced by the
well-known inhibitory effect of inhaled corticosteroids.
An alternative explanation may be that AMP induces an
increase in sputum eosinophils via a corticosteroid-insensitive
mechanism.

In conclusion, we have demonstrated that a PC,y AMP, but
not PC,, methacholine, increases sputum eosinophilia in
asthmatic subjects. Our findings may indicate a role for
adenosine and adenosine receptors in asthma, although the
exact type of adenosine receptor is yet unresolved. Therefore,
it is important to further elucidate the role of adenosine and
adenosine receptors in asthma, as this may well have
consequences for the treatment of asthma.
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