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GENERAL INTRODUCTION 

Asthma is now accepted as a disease characterized by airway inflammation and recurrent 
episodes of symptoms of wheezing and chest tightness that are associated with variable 
airway obstruction and increased bronchial hyperresponsiveness. 1 In addition, accumulating 
evidence is available that airway structural changes or 'remodeling' occur in asthmatic 
airways, secondary to this inflammatory process.2 Airway remodeling has in turn been 
linked to physiological dysfunction, leading to the development of fixed airflow limitation, 
which can be measured in a subset of asthmatic patients. J.4 The concept that airway 
inflammation leads to airway remodeling, thereby possibly worsening the long-term 
outcome of asthma, has led to the view that the major goal of asthma treatment is improve 
airway inflammation as much as possible with anti-inflammatory therapy. However, in the 
present guidelines, the level and adjustment of anti-inflammatory treatment for asthma is 
guided solely by symptoms and lung function. 5"6 This may not be appropriate, since it has 
been shown that airway inflammation and bronchial hyperresponsiveness persist in many 
patients whose disease is considered to be clinically controlled. 7•8 In addition, it has been 
shown that the direct association between symptoms on the one hand and airway 
inflammation on the other hand is either only weak or absent. 7 Thus, it has been suggested 
that asthma management can be improved by incorporating an objective marker of 
inflammation.9 For this reason, there has been an intensive search in the last decade to find 
objective markers of airway inflammation in asthma, which are non-invasive and can be 
used easily. It has been suggested that the severity of bronchial hyperresponsiveness is such 
a measure.9 

AIRWAY INFLAMMATION IN ASTHMA 

The nature of the inflammatory reaction in asthma has been the subject of intensive 
investigation by advanced techniques in peripheral blood, induced sputum, bronchial 
biopsies, and brochoalveolar lavage specimens and exhaled breath. Airway inflammation 
has thus been found not only in those with far advanced disease or dying from intractable 
asthma, but also in newly diagnosed asthmatics with clinically mild disease. 1 0-JJ The 
asthmatic inflammatory process is characterized by a complex interplay of resident cells 
(i.e. epithelial and dendritic cells, fibroblasts, nerves, endothelial cells) and inflammatory 
cells (eosinophils, mast cells, neutrophils, macrophages, T-lymphocytes). 1 4 Communication 
is based on cell-cell interactions (ICAM)- 1 ,  VCAM-1), cytokines (IL-3, IL-4, IL-5, GM
CSF, TNF-alpha, IL- l -beta) and other cell derived mediators (prostaglandins, leukotrienes, 
histamine, RANTES, eotaxin). Inhaled allergen challenge may be used as a model to 
understand inflammation in asthma. An allergen challenge leads to an early allergic 
inflammatory reaction in allergic asthmatic patients and in approximately 70% of cases this 
is followed by a late asthmatic reaction. 15 

Early asthmatic reaction 

The early asthmatic reaction occurs after the activation of mast cells bearing the specific 
high affinity lgE receptor FcsR1 . 1 6- 19 Cell types other than mast cells that bear the FcsRl 
receptor may also participate, but it is not known whether they can be activated directly by 
allergens.20•21 The activated cells rapidly release pro-inflammatory mediators such as 
histamine and leukotrienes which induce contraction of airway smooth muscle, mucous 
secretion, and microvascular leakage. 22•23 
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Late asthmatic reaction 

The late asthmatic reaction occurs between 2 and 9 hours after allergen challenge and 
involves the recruitment and activation of peripheral blood cells, including eosinophils, 
CD4+ T cells, basophils, neutrophils, and macrophages.24"27 The recruitment of these cells is 
the result of interaction between circulating inflammatory cells and resident cells 
(especially endothelial cells) and is characterized by the complex interplay of 
proinflammatory mediators, cytokines, and chemokines, and cell surface adhesion 
molecules.28•29 Together, the effects occuring during the early and late asthmatic reaction 
contribute to an increase in airway obstruction and bronchial hyperresponsiveness. 

AIRWAY REMODELING IN ASTHMA 

Morphometric studies have revealed that the airway wall of asthma patients is characterized 
by an increased thickness involving goblet cell hyperplasia, a thickened area below the 
basement membrane, smooth muscle hyperplasia and hypertrophy, mucous gland 
hyperplasia, and increased vascularity.

12'30-32 Together, these changes in asthmatic airways 
are commonly referred to as 'airway remodeling'? Interestingly, recent studies have shown 
an association between a thicker area below the basement membrane (one of the key 
components of airway remodeling) and both a lower forced expiratory volume in one 
second (FEV1) and more severe bronchial hyperresponsiveness.33-3 In addition, it has been 
shown in a recent study of Benayoun and colleagues that a thicker area below the basement 
membrane, a larger mucous gland mass, and an increase in airway smooth muscle area and 
airway smooth muscle cell size are associated with more severe asthma. 37 Thus, it appears 
that airway remodeling contributes to airway obstruction and bronchial 
hyperresponsiveness in asthma and it is tempting to speculate that airway remodeling is of 
critical importance for disease progression in asthma. 

Although medical textbooks generally report asthma to be a benign disease, without an 
evident lung function loss over time, this appears to be a too simple statement, since 
various degrees of airway inflammation may persist in asthma and, in the long term, asthma 
may become moderately to fully irreversible in a subset of patients. 3'4 It was found by Vonk 
and colleagues that approximately 15% of asthmatic patients will develop some degree of 
irreversible airway obstruction over a period of 30 years.38 Generally, lung function 
increases during childhood; it reaches a plateau during early adulthood (18-35 years) and 
declines after the age of 35 years.39 There is a paucity of data relating to the effect of 
childhood asthma on the growth of lung function, but it has been demonstrated in a few 
studies that more severe asthma in childhood is associated with a lower level of lung 
function in adulthood.40-43 In a population based study of Weiss and colleagues children 
were followed for over 13 years.44 It was found in that study that the presence of persistent 
active asthma has a progressively negative impact on the annual change in FEV 1 in young 
females, but not in young males. Based on their analyses, the authors predicted that a 
female, who develops asthma at 7 years of age will experience a 5% reduction in FEV 1 by 
10 years of age and a 7% deficit by 15 years of age. These observations suggest that gender 
has a negative impact on the annual change in FEV 1 in childhood, although this might have 
been confounded by the severity of the disease as female asthmatics were hospitalized more 
frequently for asthma than male asthmatics. Taken together, it seems reasonable to 
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conclude that asthmatic children are at risk to have persistently lower lung function levels 
than their healthy counterparts when they reach adulthood. Some longitudinal studies have 
now provided evidence that a subgroup of adult asthmatics may have an increased decline 
in lung function during their adult life as well.4547 The magnitude of the excess decline in 
lung function in asthmatics above the normal decline of 20-30 ml, however, differs between 
the studies ranging from 5 to 25 ml/year.40.46 In addition, Ulrik and colleagues have 
demonstrated in never-smoking asthmatics that there exists a subset of asthmatics with an 
excess decline in lung function ultimately leading to a severe, non-reversible airway 
obstruction without the presence of emphysema.48 In this study, the decline in lung function 
was highest in patients who initially had very variable airflow limitation, which suggests 
that an excess decline in lung function reflects the long-term consequences of poorly 
controlled airway inflammation. In agreement with this, several cross-sectional studies have 
shown that a lower lung function is associated with a longer duration of asthma and a 
longer delay from onset of respiratory symptoms until referral for specialist treatment.49•50 

Furthermore, in a longitudinal study, Grol and colleagues found that subjects with asthma 
who continued to use inhaled corticosteroids had a less steep decline in lung function over a 
period of 10 years than those who had stopped their corticosteroid treatment.51 Taken 
together, there is now circumstantial evidence that a higher annual decline in FEV 1 may 
occur in a subset of asthmatics. It is well conceivable that this is due to the persistence of 
airway inflammation, which leads to the development of progressive airway remodeling. 
This may provide an explanation for the fixed airway obstruction, which can be observed in 
a subset of asthmatic patients.J.4'38 Thus, epidemiological data would suggest that a major 
goal of asthma management is to suppress airway inflammation as much as possible for 
instance with inhaled corticosteroids, as has also been suggested by many guidelines. 5•6•52 

RELATIONSHIP BETWEEN SYMPTOMS, LUNG FUNCTION, AND AIRWAY 
INFLAMMATION IN ASTHMA 

According to r.resent guidelines, the treatment of asthma is solely based on symptoms and 
lung function. ·6·52 However, it has been shown in several studies that the direct association 
between symptoms on the one hand and lung function and airway inflammation on the 
other hand is either only weak or absent and therefore this may not be appropriate. 7 In 
addition, it has been demonstrated that airway inflammation may persist in many patients 

h hm . "d d b 1· . II II d 8 9 53"55 Th. 
. . · h h w ose ast a IS cons1 ere to e c m1ca y contro e . · · IS IS m agreement Wit t e 

findings of de Kluijver and colleagues who demonstrated that repeated low dose allergen 
exposure is accompanied by an increase in airway inflammation, as reflected by the 
percentage of sputum eosinophils, without a concomitant worsening of asthma symptoms. 56 
Further evidence for a poor association between airway inflammation and symptoms in 
asthma can be derived from a recent study by van den Toom and colleagues in subjects in 
'clinical remission' of their asthma. In this study, asthmatics were regarded in clinical 
remission if they had a documented history of asthma, but reported a complete absence of 
cough, chest discomfort, or breathlessness for at least one year preceding the study and did 
not use any medication in order to control asthma.57•58 Interestingly, these subjects exhibited 
a higher level of airway inflammation and bronchial hyperresponsiveness to methacholine 
and AMP than nonasthmatic control subjects. In addition, they had a thicker reticular area 
below the basement membrane, indicating the presence of airway remodeling. It has been 
shown that a considerable percentage of patients who have outgrown their asthma will have 
a relapse later in life.59 Thus, it is tempting to speculate that the persistence of airway 
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inflammation together with progressive airway remodeling may ultimately lead to a relapse 
of asthma symptoms in a subset of subjects who are 'in clinical remission' .  It can be 
speculated from the above that asthmatic subjects or subjects who have outgrown their 
asthma may benefit from anti-inflammatory therapy with inhaled corticosteroids, 
independent of their level of lung function or the presence of asthmatic symptoms. 
However, this has to be confirmed in future studies. 

MARKERS OF AIRWAY INFLAMMATION IN ASTHMA 

The cellular and immunologic markers of airway inflammation can be studied by sampling 
procedures of the airway (bronchoalveolar lavage, bronchial biopsies, bronchial brushings, 
and induced sputum), or in peripheral blood.60 In addition, a number of (by-)products of 
airway inflammation can be found in exhaled air.61 Thus, the analysis of constituents of 
exhaled air provides a potentially easily accessible, non-invasive method of monitoring 
inflammation. Finally, it has been suggested that measurement of bronchial 
hyperresponsiveness may be useful as a surrogate marker to monitor airway inflammation 
in asthma.9 

Bronchial biopsies and bronchoalveolar lavage fluid 

The current gold standard by which to determine airway inflammation remains bronchial 
biopsy.62'64 Bronchial biopsies offer several advances: I) they directly reflect pathologic 
changes occurring in the airway wall mucosa and submucosal region, 2) they can be 
examined by many methods including light and electron microscopy, 3) the state of 
activation of cells and their secretory products can be assessed, and 4) the localization of 
cells within the submucosa and epithelium can be analyzed. 65'66 One further can use 
bronchoalveolar lavage, which samples the more peripheral airways and allows more 
quantitative measures of mediators released in the airways. Studies with bronchial biopsies 
and bronchoalveolar lavage fluid have revealed an increased number and activation state of 
inflammatory cells such as eosinophils, lymphocytes, and mast cells accompanied by their 
respective mediators when compared with subjects without asthma.67'69 In addition, an 
increased asthma severity has been associated with increased numbers and activation of 
airway eosinophils.7° Furthermore, macrophage activation in bronchoalveolar lavage fluid 
has been described in symptomatic asthma and in asthmatics with nocturnal 
exacerbations. 19•7 1 While neutrophilia in bronchial biopsies or bronchoalveolar lavage fluid 
is not a predominant feature of mild asthma, it has been demonstrated in more severe 
asthma.72 Many cytokines and mediators have been detected in bronchoalveolar lavage 
fluid including TNF-a., GM-CSF, IL- l ,  IL-2, IL-3, IL-4, IL-5, IL-6, IL-13, soluble adhesion 
molecules, leukotrienes, histamine, and tryptase.67 A major disadvantage of both bronchial 
biopsies and bronchoalveolar lavage fluid is that these procedures are invasive and 
therefore unsuitable for repeated or routine use. For this reason, there has been extensive 
research over the past decade to find a suitable non-invasive marker of airway inflammation 
in asthma. 

Sputum 

The use of induced sputum has been proposed as an alternative method to measure airway 
inflammation in asthma.73·74 Hypertonic saline is used to elicit sputum production when 
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sputum could not be expectorated spontaneously.73 Once the sputum has been dissolved, a 
cell differential count can be performed after staining. In addition, mediators such as 
eosinophil cationic protein (ECP), histamine, tryptase, markers of mucus secretion, and 
neutrophil-derived markers can be measured in the sputum supematant.75-78 Significant 
correlations have been observed in asthma patients between the number of eosinophils in 
sputum on the one hand and the number of eosinophils in bronchoalveolar lavage fluid and 
biopsies on the other hand.79 Further, asthmatic subjects have higher numbers of 
inflammatory cells such as eosinophils and metachromatic cells in induced sputum when 
compared to nonasthmatic subjects.80'82 Sputum induction is also responsive to changes in 
asthma control, with increases in the number of eosinophils and neutrophils during asthma 
exacerbations or in the number of eosinophils after allergen inhalation. 83•84 Thus, 
examination of induced sputum is considered to represent a useful tool for assessment of 
the degree of airway inflammation in asthma. Despite this positive notion, sputum 
induction is unlikely to have a place in asthma management in the foreseeable future given 
the drawbacks that limit its use in daily clinical practice. Dedicated, highly qualified 
laboratory technicians are needed and the technique is time consuming, preventing rapid 
help in decision making to change treatment. In addition, the sputum induction procedure 
takes up to one hour and processing of the sputum to the necessary provision of percentage 
eosinophils approximately three hours. 

Peripheral blood 

Cell counts and measurement of inflammatory mediators in peripheral blood may provide a 
reflection of the degree of airway inflammation in asthma. The number of blood 
eosinophils and the concentration of eosinophil cationic protein (ECP) is increased in 
asthma when compared to control samples and decreases after therapy with inhaled 
corticosteroids. 85•86 A significant correlation has been found between the number of 
eosinophils in bronchial biopsies and the concentration of ECP in blood, although the 
correlation is only weak. 87 In most studies, however, there is a large scatter in the data for 
peripheral blood eosinophils and ECP concentrations and there are several studies in which 
no decrease in the number of eosinophils and the concentration of serum ECP could be 
found after therapy with inhaled corticosteroids.60'88 For this reason, it has been suggested 
by some authors that assessment of cell counts and mediators in peripheral blood is not 
useful as it fails to reflect disease activity in sufficient detail. 89'92 

Exhaled nitric oxide 

Endogenous nitric oxide (NO) is derived from L-arginine by the enzyme nitric oxide 
synthase. The increase in exhaled NO in asthma patients is mainly caused by induction of 
nitric oxide synthase by proinflammatory cytokines.61 Exhaled NO can be analyzed by 
chemiluminescence and is expressed as a concentration in parts per billion.61 Exhaled NO, 
which can be measured very easily, has been put forward as a new way to monitor airway 
inflammation in asthma. Increased levels of exhaled NO have been widely documented in 
patients with asthma when compared to healthy control subjects.93'95 In addition, the level 
of exhaled NO increases further after allergen exposure and decreases after anti
inflammatory therapy with corticosteroids.96'98 Furthermore, it was found that exhaled NO 
is as useful as sputum eosinophils and bronchial hyperresponsiveness to hypertonic saline 
for predicting loss of asthma control after withdrawal of inhaled corticosteroids. 99 However, 
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there also drawbacks to the use of exhaled NO. Exhaled NO is extremely sensitive to 
steroid treatment as it is significantly reduced already 6 hours after a single dose of a 
nebulized corticosteroid.100 In a recent study, treatment with a low dose of inhaled 
corticosteroids significantly reduced the level of exhaled NO, but not the percentage of 
sputum eosinophils in subjects with asthma.101 This may suggest that exhaled NO is too 
sensitive to steroids per se to determine whether airway inflammation is adequately 
controlled and therefore exhaled NO may be less useful as tool to monitor effects of anti
inflammatory treatment with inhaled corticosteroids in asthma. 

Bronchial hyperresponsiveness 

Although airway inflammation and bronchial hyperresponsiveness are recognized as major 
characteristics of asthma, their relationship is still poorly understood. It has been suggested 
in several studies that bronchial hyperresponsiveness is closely associated with airway 
inflammation, since both the severity of bronchial hyperresponsiveness and the percentage 
of sputum eosinophils increase after allergen exposure.102•103 Furthermore, bronchial 
hyperresponsiveness and sputum eosinophilia improve after therapy with inhaled 
corticosteroids. 88 An association between bronchial hyperresponsiveness and airway 
inflammation might be expected, since activation of different inflammatory cells leads to 
airway wall edema with a concomitant increase in airway wall thickness. In addition, 
smooth muscle cells become more sensitive to contracting stimuli.104 This all contributes to 
an increase in bronchial responsiveness. However, other factors also contribute to the 
presence and severity of bronchial hyperresponsiveness. Recent morphologic and 
functional studies have demonstrated that bronchial hyperresponsiveness may be 
compounded by airway remodeling.1 05 It can be inferred from the above that the presence 
of a direct association between bronchial hyperresponsiveness and airway inflammation 
remains questionable. Indeed, there have been almost as many negative as positive reports 
in the literature.7•106-109 Thus far, bronchial hyperresponsiveness has usually been 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 
hyperresponsiveness is Adenosine 5' Monophosphate (AMP). AMP is an indirect stimulus, 
since it has little effect on airway smooth muscle contraction 'in vitro' .110 A major action of 
AMP appears to involve the release of histamine and other preformed mediators from 
immunologically primed mast cells, since AMP-induced bronchoconstriction is associated 
with a rise of histamine in plasma and bronchoalveolar lavage fluid.111·112 Moreover, the 
concentration of AMP causing the FEV 1 to drop by 20% (PC20) is inhibited up to 80% by 
pretreatment with antihistamines in asthma.113'114 Interestingly, it has been suggested that 
the severity of PC20 AMP is more closely associated with airway inflammation than the 
severity of PC20 methacholine, since it has been shown that the PC20 AMP improves after a 
stay of one month in a hypoallergenic environment at high altitude, whereas PC20 
methacholine remains stable (Switzerland, Davos) (figure 1 ). 115 In addition, the PC20 AMP 
improves to a larger extent after therapy with corticosteroids than PC20 methacholine.88•116-
118 Thus, the PC20 AMP may be a new promising non-invasive marker of airway 
inflammation in asthma and therefore its exact value needs to be investigated further in 
future studies. 
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Figure 1. Changes in PC:!O methacholine and in PC�0 AMP after a one month stay in a hypoallergenic 
environment at high altitude in Switzerland, Davos (reprinted with permission from reference 115). 

MECHANISM OF ACTION OF AMP 

Once inhaled, AMP is rapidly broken down to adenosine by the ubiquitous enzyme 5'
nucleotidase. Adenosine exerts its effect via extracellular cell surface receptors.119•120 Thus 
far, four different adenosine receptors have been described, namely adenosine A�o A2A, A28, 
and A3 receptors.121 Human lung mast cells have been shown to express A2A and A28 
receptors, but not A1 or A3 receptors.122'123 In a recent study, only activation of the A28 
receptor resulted in mast cell activation. 124 Thus, there is suggestive evidence that AMP
induced bronchoconstriction is mediated by activation of the A28 receptor. 

Adenosine can also act on A�o A2A, and A3 receptors, which have been identified on 
neutrophils, eosinophils, and macrophages. Their activation has various pro- and anti
inflammatory actions: activation of adenosine A1 receptors promotes chemotaxis of 
neutrophils and increases adherence of neutrophils to endothelial cells.1 25-127 By contrast, 
activation of adenosine A2A receptors reduces chemotaxis, activation and degranulation of 
neutrophils.1 26•128•129 In addition, activation of A2A receptors (in contrast to activation of A28 
receptors) suppresses the release of tryptase from mast cells.130 A3 receptors mediate 
inhibition of eosinophil chemotaxis when activated.122 Other functions of A3 receptors 
involve inhibition of neutrophil degranulation induced by LPS or TNF-alpha. 

ROLE OF ADENOSINE IN ASTHMATIC AffiWA Y INFLAMMATION 

Adenosine is a naturally occurring purine nucleoside with a ubiquitous presence in human 
tissue. AMP is formed by the catabolism of high-energy adenosine phosphates such as 
adenosine diphosphate (ADP) or adenosine triphosphate (ATP) during the process of 
energy generation. When sufficient oxygen and energy is available, AMP is reconverted to 
high-energy adenosine phosphates forming a component of the energy cycle.131 However, 
in case of excessive cell stimulation or hypoxia, AMP can not be reconverted and is 
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transported to the exterior of the cell where it is metabolized to adenosine by the enzyme 
5 '-nucleotidase. The discovery that adenosine levels are elevated in the bronchoalveolar 
lavage fluid (figure 2) and in exhaled breath of asthmatics and increase further after 
allergen challenge raises the possibility that adenosine, once generated in asthmatic 
airways, itself contributes to the pathogenesis of asthma. 132" 134 An explanation of the 
observed increase in adenosine could be that stimulation of inflammatory cells and 
subsequent smooth muscle contraction during the asthmatic inflammatory process leads to 
an increase in oxygen and energy demand, thus inducing an increase in the level of 
adenosine. 

Animal models provide an opportunity to specifically investigate the role of adenosine in 
asthma. It has thus been shown that mice which Jack the enzyme adenosine deaminase (and 
are therefore unable to break down endogenously formed adenosine) develop features of 
asthma including bronchial hyperresponsiveness, enhanced mucus secretion, airway 
eosinophilia, and increased IgE synthesis. 135• 136 These asthmatic features were reversed by 
exogenous administration of adenosine deaminase. Transcript array technology was used to 
examine which genes in the lung become activated by adenosine when accumulated in 
adenosine deaminase-deficient mice. Thus, overexpression of the monocyte chemotactic 
protein-3 (MCP-3) gene in the airway was found and paralleled by enhanced MCP-3 
secretion. MCP-3 is a chemokine with potent eosinophil chemotactic properties. The same 
study showed greatly enhanced airway expression of molecules involved in tissue 
remodeling, including vascular endothelial growth factor, osteopontin, and fibronectin, as 
well as the cathepsin family of neutral proteases. This provides a further important link 
between adenosine and asthma. Thus, taken together with the presence of elevated levels of 
adenosine in the airways, it is now clear that the exact role of adenosine and its receptors in 
asthma becomes of increasing interest and deserves further study. 

One might even consider a therapeutic potential of adenosine receptor antagonists and 
agonists, since it has been shown in animal models that adenosine A1 inhibitors and 
adenosine A2A agonists provide a protective effect on the late asthmatic response after 
allergen challenge.137' 1 38 In this context it is of interest that treatment with theophylline, 
which is also an adenosine A28 antagonist, has been shown to reduce airway inflammation 
both in asthma and in COPD. 139• 140 Although it was originally hypothesized that 
theophylline acts via inhibition of phosphodiesterases, it has been observed that the 
concentration of theophylline required to effectively inhibit phosphodiesterases was much 
greater than the therapeutic level achieved in humans. 141 Since theophylline also inhibits 
adenosine A28 receptors at concentrations likely to occur 'in vivo' ,  this could well be an 
alternative explanation for its beneficial effects in asthma. 142" 144 
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Figure 2. Adenosine concentrations in bronchoalveolar lavage (BAL) fluid (reprinted with permission from 
reference 132). 

MAST CELLS 

It is unclear whether the increase in the number and activation state of mast cells, which has 
consistently been reported in asthma, is a feature of allergy or of the asthmatic 
inflammatory process itself, since allergen exposure can increase the number and activation 
state of airway mast cells. 145.147 The finding that non-allergic patients with asthma also have 
a bronchoconstrictor response to AMP suggests that mast cell activation can also be a 
feature of the asthmatic inflammatory process rather than being dependent on the presence 
of allergy alone.113•148 Indeed, both the number and activation state of mast cells were found 
to be increased in non-allergic patients with asthma and therefore mast cell activation and 
proliferation can occur under different circumstances than allergen exposure too (figure 
3).149'151 GM-CSF, IL-4, IL-5, IL-9, IL-10, nerve growth factor, and stem cell factor have 
been demonstrated 'in vitro' to constitute growth factors for human mast cells.152.155 An 
increased local production of one or more of these growth factors could be responsible for 
mast cell accumulation and activation in the airway mucosa. Nevertheless, the number of 
mast cells is higher in allergic than in non-allergic asthma, indicating an additive effect of 
allergy on mast cell counts (figure 3).149 In agreement with this, inhaled adenosine was 
found to be three times more potent to induce bronchoconstriction in patients with allergic 
asthma than in patients with non-allergic asthma, whereas another study has shown that the 
degree of bronchial hyperresponsiveness to a direct stimulus does not differ between both 
groups.l56,157 
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Figure 3. Comparison of mast cell counts in BAL (solid bars) and bronchial brushings (hatched bars) between 

non-allergic normal (NN), allergic normal (AN), non-allergic asthmatic (NA), and allergic asthmatic 
(AA) subjects (reprinted with permission from reference 1 49). 

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 cytokines has suggested new ways in which mast cell 
activation could also participate in more persistent and even chronic inflammatory 
responses. 158- 160 The recognition that mast cells produce IL-4 and IL-13 implies that they 
have the potential to influence lgE production by B cells (figure 4). 16 1 Further, it has been 
demonstrated in a study of Gauchat and colleagues that mast cells express CD40 ligand, 
which enables them to provide the cell-cell signal required for lgE production through the 
interaction of the ligand with CD40 on B cells. 162 More recently, Pawankar and colleagues 
reported that mast cells purified from nasal biopsies of dust-mite sensitive patients with 
allergic rhinitis induce the secretion of lgE from tonsillar B cells when incubated with 
allergen (figure 4). 163 This mast cell-dependent IgE secretion was partially inhibited by 
neutralizing monoclonal antibody to IL-4, and completely inhibited by neutralizing 
antibody to IL-13  and to CD40 ligand (figure 4). It has been demonstrated in several studies 
that the ability to produce IL-4 and IL-13 enables mast cells to stimulate IgE secretion by B 
cells. 161 - 163 This may explain findings of incraesed lgE levels in patients with intrinsic 
asthma than in non-allergic subjects without asthma, even though the concentration of 
serum total lgE falls is still lower than in patients with allergic asthma. 164• 165 Indeed, it has 
been found that the observed increased IL-4 levels in non-allergic asthma can be largely 
attributed to the production by mast cells. 165- 167 
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Figure 4. Immunoglobulin E (lgE) synthesis by tonsillar 8 cells in coculture with nasal mast cells purified from 
the turbinates of patients with perennial allergic rhinitis. House-dust mite antigen (Der f2)-induced mast 
cell activation results in 8-cell lgE synthesis, an effect that is attenuated by a neutralizing anti
interleukin 4 (IL-4) antibody, and completely abrogated by neutralizing anti-IL-1 3  and anti-CD40 
ligand antibodies (reprinted with permission from reference 163). 

Further support for an important role of mast cells in non-allergic asthma as well can be 
derived from a recent animal study of Kraneveld and colleagues. 168 In a mouse model of 
non-allergic asthma, they induced pulmonary hypersensitivity by cutaneous sensitization 
followed by intra-airway application of a low molecular weight hapten. The features 
observed in this mouse model resemble those found in non-allergic asthma and include 
hapten-induced acute bronchoconstriction, pulmonary edema, infiltration of neutrophils and 
mononuclear cells, and bronchial hyperresponsiveness, which are not associated with an 
increase in hapten specific lgE. Interestingly, pulmonary hypersensitivity could not be 
induced in mast cell deficient mice, unless bone marrow derived mast cells were 
reconstituted. Taken together, these findings suggest an important role for mast cells in 
non-allergic and allergic asthma. 

MAST CELLS, j32-RECEPTOR AGONISTS, AND BRONCHOPROTECTION 
AGAINST THE PC2o AMP 

It has been demonstrated that the inhaled �2-receptor agonists albuterol, terbutaline, and 
formoterol provide greater bronchoprotection against AMP-induced bronchoconstriction 
than against methacholine or histamine-induced bronchoconstriction (figure 5).169•170 This 
differential bronchoprotective effect has been interpreted as mast cell stabilization. In 
agreement with this, it has been demonstrated that B2-receptor agonists inhibit the release of 
histamine from chopped human lung and dispersed human lung mast cells.171 •172 
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Figure 5. Effect of a single inhalation of terbutaline, 0.5 and 2.5 mg, on bronchoconstrictor responses to 
methacholine and AMP, expressed a change in PC20 in terms of doubling doses (mean ± SEM) 
compared with placebo (reprinted with permission from reference 169). 

Furthermore, inhaled albuterol has been shown to inhibit the early increase in plasma 
histamine induced by allergen exposure in asthmatic patients, although it does not inhibit 
the late allergen-induced drop in FEV 1•1

73 

Prreceptor agonists also exert an effect on other inflammatory cells. Thus, inhibitory 
effects on the oxidative burst and the release of thromboxane and leukotriene C4 from 
eosinophils have been described.174'176 In addition, Prreceptors have been detected on 
circulating neutrophils and P2-receptor agonists have an inhibitory effect on their mediator 
release, although relatively high concentrations are required.177•178 Furthermore, it has 
recently been shown that P2-receptor agonists inhibit the release of Th2 type cytokines such 
as IL-5 from peripheral blood lymphocytes and the release of GM-CSF from cultured 
human lung fibroblasts.179•18° Finally, P2-receptor agonists seem to have an effect on plasma 
exudation, probably by preventing separation of endothelial cells in postcapillary venules 
and this effect has also been demonstrated 'in vivo' with terbutaline, formoterol and 
salmeterol.181-184 

There have been many studies investigating the effects ofP2-receptor agonists 'in vivo' and 
there appear to be marked differences between short-acting and long-acting Prreceptor 
agonists.185 We will first review studies with short acting P2-receptor agonists and thereafter 
studies with long-acting Prreceptor agonists. 

Short-acting lh-receptor agonists 

Despite the above mentioned anti-inflammatory effects of P2-receptor agonists in 'in vitro' 
studies or when given as single dose, regular treatment with short-acting Pz-receptor 
agonists as single treatment does not appear to have any beneficial effect on inflammatory 
processes in asthma.186 In contrast, increases in both the early and late asthmatic response 
to allergen have been found after regular treatment with a short-acting Prreceptor 
agonist.187•1 88 In addition, an increase in airway inflammation, as reflected by a higher 
percentage of sputum eosinophils, has been observed after regular treatment with the short
acting P2-receptor agonist terbutaline 1 mg q.i.d. when compared to treatment solely with 
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ipratropiumbromide for relief of symptoms.189 In the same study, treatment with a 
combination of terbutaline and budesonide provided conflicting outcomes. On the one 
hand, there was no significant difference in sputum eosinophils with combined treatment 
compared with budesonide alone. On the other hand, addition of terbutaline appeared to 
negate the budesonide-induced improvement in bronchial hyperresponsiveness to 
hypertonic saline. In agreement with these negative effects of short-acting 13rreceptor 
agonists, Taylor and colleagues found that regular treatment with a short acting 13rreceptor 
agonist for 24 weeks resulted in a lower FEV 1 and a higher level of bronchial 
hyperresponsiveness than "as needed" treatment.190 However, there is controversy in this 
area, since these findings could not be reproduced in a later study.186'191 Thus, despite their 
anti-inflammatory effects in 'in vitro' studies, regular treatment with short-acting 132-
receptor agonists does not seem to have an anti-inflammatory effect 'in vivo'. 

A possible explanation for this discrepancy could be that subsensitivity to the effect of 13r 
receptor agonists develops after regular use. 1 92 Several molecular mechanisms are involved 
in desensitization of l32-receptors.1 93 Short-term desensitization involves phosphorylation of 
the receptor, which results in uncoupling from the stimulatory G-protein Gs by two kinases, 
protein kinase A, and 13-adrenergic receptor kinase (13ARK).1 94·195 Longer-term 
desensitization includes downregulation of the surface receptor, a process that involves 
internalization of the receptor and its subsequent degradation. 

In agreement with the above, recent 'in vivo' studies in humans using positron emission 
tomography with a radioactive labeled 132-blocker (S-[' 1 C]CGP 1 2 1 77) have demonstrated 
an apparent reduction in pulmonary 132-receptor density after 2 weeks treatment with an 
inhaled 132-receptor agonist.196 In addition, it has been found that subsensitivity to the 
bronchoprotective effect of the short-acting 132-receptor agonist terbutaline against AMP 
challenge develops when asthma patients regularly use terbutaline for one week suggesting 
that B2-receptors on mast cells desensitize rapidly.197 It has proven to be surprisingly 
difficult to demonstrate desensitization to the bronchodilator effects of 132-receptor agonists 
in asthmatic patients, suggesting resistance of airway smooth muscle to Prreceptor 
desensitization. However, a loss of bronchoprotective effect of 132-receptor agonists could 
be observed after regular treatment with either salmeterol or formoterol, although the 
clinical relevance of this has been questioned, because some degree of bronchoprotection is 
maintained.198.202 It has been suggested for several reasons that inflammatory cells may be 
more susceptible to Prreceptor desensitization than airway smooth muscle cells. Firstly, 
inflammatory cells may have a lower rate of transcription resulting in low resynthesis of j32-
receptors.203 Secondly, inflammatory cells may also have less receptor reserve than airway 
smooth muscle cells, so that when receptors are lost or uncoupled there is a concomitant 
loss of functional response. 204'206 Finally, there may be an increased expression of PARK in 
inflammatory cells, so that desensitization is greater. 207 

It has been suggested that 132-receptors also become desensitized after exposure to 
inflammatory mediators, possibly via activation of PKC.208 Indeed, it has been shown that 
phopholipase A2, platelet activating factor, various arachidonic acid mediators, and IL-2 
and GM-CSF impair 132-receptor function.209'213 In addition, there is some evidence that Pr 
receptor function is impaired in circulating lymphocytes after allergen challenge.214 Finally, 
studies on 132-receptor function in untreated asthmatic subjects show a reduced 13rreceptor 
density and function compared to healthy control subjects.215•2 1 7 
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Long-acting Jh-receptor agonists 

The long acting �rreceptor agonists salmeterol and formoterol have been introduced into 
the treatment of asthma in the nineties. The introduction with long-acting �2-receptor 
agonists initially caused concern due to the negative findings with short-acting �rreceptor 
agonists. However, some concerns were taken away by a study of Greening and 
colleagues.218 They showed that patients whose asthma was not adequately controlled with 
a low dose of inhaled corticosteroids (beclomethasone 400 j.lg daily) had little improvement 
in asthma control if the dose was increased ( I OOOj.lg daily), but much greater improvement 
in symptoms and lung function if salmeterol was added. These findings were confirmed in 
a later study showing that addition of formoterol to budesonide more effectively controls 
symptoms and lung function than a four-fold increase in the dose of budesonide in patients 
with moderate and severe asthma, and this benefit persisted for the 12 months of the study, 
demonstrating that tolerance does not develop with prolonged therapy.219 Moreover, 
addition of formoterol significantly reduced the number of mild and severe exacerbations 
when added to both a low (400 j.lg daily) and a high ( 1600 11g daily) dose of budesonide. It 
has been suggested that the beneficial effect of adding a long-acting �2-receptor agonists to 
maintenance therapy with inhaled corticosteroids could be explained by an anti
inflammatory action of long acting �rreceptor agonists, although this matter has been the 
subject of much controversy.220 The different studies currently performed on this subject 
differ in the marker of inflammation examined and this makes them even more difficult to 
interpret. Salmeterol inhibits the rise in serum eosinophil cationic protein induced by 
allergen exposure.221 On the other hand, others have shown that salmeterol does not 
influence the rise in urinary leukotriene E excretion 24 hours after allergen challenge.222 
Similarly, formoterol and salmeterol do not have a consistent effect on the antigen-induced 
increase in sputum eosinophil count.223'225 In addition, salmeterol does not alter the cellular 
composition of bronchoalveolar lavage fluid when given either to steroid-treated asthmatics 
or to steroid-naive asthmatics.226'227 Finally, it has been shown that 8 weeks monotherapy 
with formoterol significantly reduced mucosal eosinophil counts, but only in a subgroup of 
patient with more severe inflammation defined as � I 0 eosinophils/mm2 biorsy tissue, 
whereas salmeterol when given as monotherapy for 6 weeks had no effect.22 •229 Taken 
together, it appears that long-acting �rreceptor agonists, when given alone, have very 
limited, if any, anti-inflammatory effects in asthma. 

Corticosteroids interact in a beneficial way with �2-receptor agonists, since they prevent 
desensitization at various levels including enhancement of G stimulatory protein expression 
and an increased rate of �rreceptor transcription.230'233 This seems to occur not only 'in 
vitro', but also in humans at normally advocated doses of inhaled corticosteroids, since 
intranasal beclomethasone I 00 j.lg twice daily for 3 days increases the �rreceptor 
expression in nasal scrapings.234 Alternatively, Bz-agonists may potentiate the local anti
inflammatory actions of corticosteroids. 220 It may be of interest to speculate that 
concomitant treatment with inhaled corticosteroids is required to preserve �rreceptor 
agonist function. This hypothesis could not be confirmed by a study of Aziz and colleagues, 
since they found that subsensitivity to the bronchoprotective effect of formoterol against 
AMP develops after one month even when asthma patients regularly use inhaled 
corticosteroids (figure 6).197 
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Figure 6. PC:!<> AMP after one month treatment with either placebo, formoterol 24 J.lg once daily, or formoterol 
24 J.lg twice daily in addition to regular use of inhaled corticosteroids. The PC�o AMP was measured 1 2  
hours after the first and last doses. The bronchoprotective effect of formoterol significantly decreased 
after one month treatment with both formoterol 24 J.lg twice daily and formoterol 24 J.lg once daily 
(reprinted with permission from reference 19 7) . ** p < 0.0 I .  

However, the extent o f  �rreceptor desensitization is highly variable between subjects and 
these interindividual differences have been shown to be linked to genetic polymorphisms in 
the B2-receptor.235 Thus, it remains possible that a subgroup of asthma patients is 
(relatively) resistant to �2-receptor desensitization. In this subgroup of asthma patients, 
adding a long-acting �2-agonist to maintenance therapy with inhaled corticosteroids might 
well have an additional anti-inflammatory effect. 

In summary, this review of the literature describes that it is an important research goal to 
identifY an easily accessible non-invasive marker of airway inflammation. The PC20 AMP 
could be one such a measure that can be used for this purpose. However, thus far, the 
association between the severity of PC20 AMP and the extent of airway inflammation has 
not been directly investigated in the sense of actually collecting data on inflammation in 
sputum or airway wall biopsies. It has been suggested in several studies that adenosine and 
adenosine receptors may play a role in airway inflammation in asthma. Thus, it could be 
speculated that inhalation of AMP, and by implication adenosine, may lead to an increase 
in inflammation in the airways, although this matter remains to be elucidated. It has to be 
sorted out whether stimulation or blockade of the respective adenosine receptors will serve 
as an appropriate asthma treatment. This can be assessed by investigating whether the drug 
provides a protective effect against the allergen-induced late asthmatic response in humans. 
Allergen challenge responses have been extensively studied in humans. The effects of drugs 
on the early and late asthmatic reactions and the associated cellular influx and bronchial 
hyperresponsiveness provide important mechanistic insights. 236 Moreover, inhaled allergen 
challenges also offer the opportunity to investigate the effects of inflammatory mediators 
on the extent of �1-receptor desensitization in peripheral blood lymphocytes. 
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AIMS OF THE STUDIES 

Before presenting the studies performed in this thesis, chapter 2 presents a review on AMP 
provocation as a non-invasive marker of inflammation in asthma, allergic rhinitis, and 
COPD. 

The following aims of the studies in this thesis are formulated: 

• It has been suggested in the literature that the PC20 AMP is more closely associated 
with airway inflammation in asthma than the PC20 methacholine or histamine. 
However, thus far, this has not yet been formally investigated in the sense of 
actually collecting data on inflammation in sputum or airway wall biopsy. In 
chapter 3, we investigate the direct association between the level of 
hyperresponsiveness to AMP or methacholine with inflammatory markers m 

sputum, blood and exhaled air in a large group of 120 asthmatic subjects. 

• It has been suggested that the PC20 AMP is also more sensitive to changes in airway 
inflammation, since it improves to a greater extent after therapy with corticosteroids 
than PC20 methacholine. 1 16'1 1 8 However, thus far it is unknown whether this greater 
improvement in PC20 AMP is related to a better association with the reduction in 
airway inflammation than methacholine. In chapter 4, we investigate whether the 
steroid-induced improvement in PC20 AMP is more closely associated with the 
concomitant reduction in airway inflammation than improvement in PC20 
methacholine. 

• 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 Th2 type cytokines suggests 
that mast cell activation can contribute to orchestration of the asthmatic 
inflammatory response. AMP exerts its bronchoconstrictor effect via the release of 
inflammatory mediators from 'immunologically primed' mast cells. In chapter 5, 
we investigate whether inhalation of AMP will initiate an inflammatory response 
resulting in eosinophilic influx in sputum. 

• Adenosine may contribute to airway inflammation in asthma, since the 
concentration of adenosine is elevated in the airways of asthmatic subjects and 
increases further after allergen challenge. In addition, it has been demonstrated in 
animal studies that modulation of adenosine receptors (i.e. stimulation of the A2A 
receptor and inhibition of the adenosine A1 receptor) has a protective effect on the 
late asthmatic response after allergen challenge. In chapter 6, we investigate 
whether treatment with a selective adenosine A2A agonist inhibits the late asthmatic 
reaction in human subjects. 

• Activation of �z-receptors inhibits the release of Th2 type cytokines such as IL-5 
from peripheral blood lymphocytes. However, it has been shown that �z-receptors 
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desensitize after repeated stimulation. It has been suggested that inflammatory 
mediators may also induce desensitization of j32-receptors, probably via activation of 
protein kinase C. In chapter 7, we investigate the l3radrenergic regulation of 
peripheral blood lymphocytes in asthmatic subjects before and 6 hours after allergen 
challenge. 
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PC20 AMP AS A NONINVASIVE MARKER OF INFLAMMATION IN ASTHMA AND COPD 

INTRODUCTION 

Bronchial hyperresponsiveness (BHR) and airway inflammation are both characteristic 
features of asthma. Histamine and methacholine, stimuli that mainly act directly on airway 
smooth muscle, are generally used to measure the presence and severity of BHR. Although 
the presence and severity of BHR are related to smooth muscle contraction, airway 
inflammation also contributes to BHR. 1 Therefore, provocation with an indirect stimulus 
which exerts its effect mainly on 'primed' cells, thereby indirectly leading to smooth 
muscle contraction, may provide additional information about the present inflammatory cell 
numbers and cellular activation state in asthma. Adenosine is such a stimulus as it acts 
mainly via the release of inflammatory mediators from immunologically 'primed' mast 
cells. 

Adenosine elicits a concentration-related bronchoconstriction in asthmatic, but not in 
normal individuals when administered by inhalation.2 Commonly, the related nucleotide 
adenosine 5'-monophosphate (AMP) is used for practical purposes as it has much greater 
water solubility. Once inhaled, AMP is rapidly broken down to adenosine by the ubiquitous 
enzyme 5 '-nucleotidase. The time to response of the airways after inhalation of AMP, and 
by implication adenosine, is similar to the rapid bronchoconstriction seen after histamine or 
methacholine challenge. 3 

At this time, there is an increasing interest in the role of adenosine as a bronchoconstrictor 
stimulus as it has been suggested that provocation with adenosine may be used as a non
invasive marker of airway inflammation.4;5 The aim of the present paper is to review the 
literature assessing the value of AMP provocation as a diagnostic test in asthma, allergic 
rhinitis, and COPD. 

THE MECHANISM OF ACTION BY WHICH ADENOSINE INDUCES 
BRONCHOCONSTRICTION 

Although the exact mechanism by which adenosine exerts its effect has not yet been fully 
elucidated, there are several lines of evidence indicating that its main mechanism of action 
involves the release of inflammatory mediators from mast cells. Firstly, adenosine enhances 
the release of a variety of inflammatory mediators like histamine, prostaglandins, 
leukotrienes, and IL-8 from human mast cells 'in vitro' .6;7 Secondly, it has been found that 
endobronchial instillation of AMP results in an immediate increase in the level of both 
histamine and the (mast cell specific) protease tryptase in bronchoalveolar lavage fluid. s- I o  

The release of histamine is likely to be mast cell- rather than basophil derived, since sodium 
cromoglycate and albuterol have been shown to effectively inhibit AMP-induced 
bronchoconstriction, but have no activity against histamine release from basophils. 11'13 
Thirdly, the potent and selective histamine receptor-antagonist terfenadine and astemizole 
have been shown to inhibit the bronchoconstrictor response to adenosine by more than 
80%, suggesting that histamine is the predominant mast cell mediator involved in the 
airway response to this nucleotide.14-16 

Enhancement of mast cell mediator release, although prominent, may not be the only 
mechanism of action of AMP. Activation of neural pathways may also contribute to the 
bronchoconstrictor response to adenosine. 
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A role for reflex cholinergic vagal pathways has been suggested through the induction of 
pain by adenosine in human skin.17 In a later study, the involvement of a reflex cholinergic 
mechanism was made unlikely by the observation that the anticholinergic agent, 
ipratropium bromide, at an inhaled dose sufficient to produce a 1 96-fold protection against 
methacholine produced no significant protection against adenosine-induced 
bronchoconstriction.18 There is controversy in this area, since two further studies 
demonstrated some protective effect.19:20 However, in the latter two studies the protective 
effect of ipratropium bromide on adenosine induced bronchoconstriction was only small 
and was similar for histamine. Therefore the results may well have been due to functional 
antagonism secondary to its bronchodilator effect. 

It has also been suggested that adenosine exerts an effect via contractile neuropeptides from 
sensory nerve endings.21 In support of this view, it has been demonstrated that repeated 
bronchial challenges with inhaled bradykinin lead to a rapid loss of the bronchoconstrictor 
response to AMP.22 However, inhibition of the enzyme neutral endopeptidase, which 
blocks the bronchoconstrictor effects of a variety of neuropeptides, did not enhance the 
bronchoconstrictor effects of AMP.23 This makes it unlikely that the release of endogenous 
neuropeptides contributes to the bronchoconstrictor response of adenosine. 

ADENOSINE RECEPTORS 

At least four different adenosine receptors have been identified, namely adenosine A1, A2A, 
A29, and A3 receptors. The rank order of potencies for various different adenosine 
antagonists argues against involvement of A1, A2A, and A3 receptors and is entirely 
consistent with mediation by the A29 receptor.24 It seems unlikely that the adenylate 
cyclase-cAMP pathway is responsible for mast cell mediator release, since this mediator 
release is not inhibited by treatment of mast cells with KT5720, which completely blocks 
cAMP-dependent protein kinase activity.25 Alternatively, activation of phospholipase C and 
the subsequent increase in intracellular calcium levels may mediate the effect of adenosine 
(see figure 1).25 

Once inhaled, adenosine can also act on A1, A2A, and A3 receptors, which have been 
identified on neutrophils, eosinophils, and macrophages. Their activation causes various 
pro- and anti- inflammatory actions: activation of adenosine A1 receptors promotes 
chemotaxis of neutrophils and increases adherence of neutrophils to endothelial cells. 26.28 
By contrast, activation of adenosine A2A receptors reduces chemotaxis, activation and 
degranulation of neutrophils.27:29:30 In addition, activation of A2A receptors (in contrast to 
activation of A29 receptors) suppresses the release of tryptase from mast cells.31 A3 
receptors mediate inhibition of eosinophil chemotaxis when activated.32 Other functions of 
A3 receptors involve inhibition of neutrophil degranulation induced by LPS or TNF-a. 
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Figure I. Mechanism of action by which adenosine interacts with human airway mast cells, thereby eliciting the 

release of mast cell derived inflammatory mediators. 

PC20 TO AMP AS MARKER OF AIRWAY INFLAMMATION IN ASTHMA 

The direct association between airway inflammation and bronchial hyperresponsiveness has 
been the subject of much controversy with almost as many negative as positive reports in 
the literature.33-37 It has been suggested in several studies that the PC20 AMP is more closely 
associated with airway inflammation than the PC20 methacholine or PC20 histamine.4;5;38 
Firstly, the PC20 AMP improves to a larger extent after therapy with corticosteroids in 
asthma patients than the PC20 methacholine.39-42 Secondly, the improvement of asthma after 
a stay of one month in a hypoallergenic environment at high altitude in Davos could be 
measured with the PC20 AMP but not the PC20 methacholine.43 Thirdly, we have 
demonstrated for the first time directly that the PC20 AMP is closely associated with airway 
inflammation as reflected by the percentage of eosinophils in sputum and blood, whereas 
the association between airway inflammation and the PC20 methacholine was found to be 
only weak (see figure 2).4 More importantly, the steroid-induced improvement of PC20 
AMP was also more closely related to the concomitant reduction in airway inflammation 
than the PC20 methacholine.38 Taken together, these findings indicate that the PC20 AMP 
can be a useful tool to assess the actual inflammatory state in asthma. This may be 
important, since it has been shown that a treatment algorithm incorporating PC20 
methacholine as a surrogate marker of inflammation can improve the treatment of asthma 
and it suggests that monitoring with the PC20 AMP may be even more appropriate for this 
purpose.33 

There are also drawbacks to the use of AMP challenge. A considerable percentage of 
patients is unresponsive to AMP.44 The exact cut-off point for the PC20 AMP is arbitrary, 
since there are no population based data on this subject. However, in a previous study of 
Oosterhoff and coworkers, a value of 1 60 mg/ml was discriminatory between asthmatics 
and healthy controls.45 Whether AMP unresponsive patients are clinically stable (and have 
low levels of airway inflammation) or unstable is yet unknown. This becomes an important 
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Table 1. Comparison of the level oflung function (FEV1) and airway inflammation (Lc. cosinophils and ECP in sputum and blood in asthma patients who arc unresponsive to 
methacholine or to AMP, before and after treatment with corticosteroids.' 

FEV 1 (%pred) 

Sputum 

eosinophils (%) 

?3% cosinophils, n (%) 

ECP (ng / 1) 

Blood 

eosinophils (I 09 / I) 

ECP (ng / 1) 

PC2o MCb 
<"' 8 mg / ml 

n = J 20 

78 (77 - 92) 

52 (2 - 1 1) 

100 (83) 

38 ( 17 - 125) 

0.37 (0.22 - 0.5) 

16 ( 10 - 24) 

Before steroid treatment 

PC2o AMP 
<= 160 mg / ml 

n • 101  

79  (67 - 91)  

6 (3 - 13) 

72 (73) 

52 (21 - 127) 

> 1 60 mg / ml 

n = 13 

92 (87 - 99) 

0.33 (0.1 7 - 1 .3) 

2 ( 1 5) 

1 3.6 (4.5 - 30) 

0.35 (0.25 - 0.50) 0.16 (0.1 - 0.36) 

17 (10 - 25) 1 0.4 (6.1 - 1 8) 

' Values arc expressed as median with intcrquartile ranges between brackets. 

"""" 

After steroid treatment 

PC2o MCb 
<• 8 mglml 

n = 99 

86 (74 - 97) 

0.5 (0 - 2.3) 

29 (30) 

16 (7 - 47) 

> 8 mg / ml 

n = 14  

92 (69 - 101)  

0.3 (0 - 1 .3) 

2 (14) 

47 (12 - 102) 

0.26 (0. 12 - 0.36) 0.2 (0.1 - 0.27) 

10 (6 - 1 7) 10 (6 - 44) 

PC2oAMP 
<- 160 mg / ml > 160 mg / ml 

n - 67 n = 46 

83 (70 - 96) 91 (80 - 103) 

I (0.2 - 4.5) 0.17  (0 - 0.8) 

20 (3 1 )  2 (4) 

22 (9 - 57) 16 (6.4 - 44) 

0.22 (0. 14 - 0.35) 0.1 8  (0. 1 1 - 0.27) 

10 (6 - 18) 9.5 (7.4 - 16) 
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item when the severity of bronchial responsiveness to AMP is used to adjust treatment with 
corticosteroids in asthma patients. 33 To clarify this issue, we have reanalyzed our own 
database of 120 asthma patients. Inhaled corticosteroids were tapered down until these 
patients developed symptoms of a pending asthma exacerbation or until they had 
discontinued their inhaled corticosteroids completely for three weeks.40 Thereafter, all 
patients received two weeks treatment with corticosteroids. Before treatment with 
corticosteroids, by design, no patient was unresponsive to methacholine (PC20 > 8 mg!ml), 
whereas 13 (11 %) patients were unresponsive to AMP (PC20 > 160 mg!ml). After treatment 
with corticosteroids, 14  (12%) patients were unresponsive to methacholine and 46 (40%) 
patients were unresponsive to AMP. We found that patients who were unresponsive to 
AMP before treatment with corticosteroids had lower levels of airway inflammation than 
those who were responsive, their median percentage of sputum eosinophils being 0.33% 
and 6% respectively (see table 1 ). In addition, only 2 of the 13 AMP unresponsive patients 
had more than 3% eosinophils in their sputum, which is considered the upper limit of 
norrnal.46 Furthermore, after treatment with corticosteroids, AMP unresponsive patients had 
also somewhat less extensive inflammation, as reflected by eosinophils and ECP in sputum 
and blood, than methacholine unresponsive patients (see table 1 ). Thus, this analysis 
supports the idea that a treatment algorithm incorporating the severity of PC20 AMP could 
possibly improve the treatment of asthma, although this has to be evaluated prospectively. 

MAST CELLS 

A possible explanation for the finding that the PC20 AMP is more closely associated with 
airway inflammation than the PC20 methacholine may be as follows. An overall increased 
inflammatory cell activity, i.e. 'primed cells' can result in an increased production of 
cytokines and other mediators that increase the number and activation state of mast cells 
(see figure 3). As a result more mast cell mediators will be released after provocation with 
AMP, but not with methacholine. Alternatively, the number or activation state of 
eosinophils may be raised as a result of an increased production of inflammatory mediators 
by mast cells, especially IL-5. 

It is unclear whether the increase in the number and activation state of mast cells, which has 
consistently been reported in asthma, is a feature of allergy or of the asthmatic 
inflammatory process itself, since allergen exposure can increase the number and activation 
state of airway mast cells.47 The finding that non-allergic patients with asthma also have a 
bronchoconstrictor response to AMP suggests that mast cell activation can also be a feature 
of the asthmatic inflammatory process rather than being dependent on the presence of 
allergy alone. 14; 15 Indeed, both the number and activation state of mast cells were found to 
be increased in non-allergic patients with asthma and therefore mast cell activation and 
proliferation can occur under other circumstances than allergen exposure too. 48-50 It has 
been demonstrated 'in vitro' that growth factors for human mast cells include GM-CSF, IL-
4, IL-5, IL-9, IL-10, nerve growth factor, and stem cell factor.5 1 :52 An increased local 
production of one or more of these growth factors could be responsible for mast cell 
accumulation and activation in the airway mucosa (see figure 3). Nevertheless, the number 
of mast cells is higher in aller�ic than in non-allergic asthma, indicating an additive effect 
of allergy on mast cell counts. 8 In agreement with this, inhaled adenosine was found to be 
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Figure 2. Unadjusted relationship between PC20 methacholine and PC20 AMP with the 

percentage of sputum eosinophils (reprinted with permission from reference 4). 
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three times more potent in patients with allergic asthma than in patients with non-allergic 
asthma, whereas the degree of bronchial hyperresponsiveness to a direct stimulus did not 
differ between both groups.2:53 

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 cytokines has suggested new ways in which mast cell 
activation could also participate in more persistent and even chronic inflammatory 
responses.54-56 For example, it has been demonstrated that the ability to produce IL-4 and 
IL-13 enables mast cells to stimulate lgE secretion by B cells (see figure 3).57-59 This may 
explain the finding that, although the concentration of serum total IgE falls within the 
normal range in patients with intrinsic asthma, it is still higher than in non-allergic subjects 
without asthma.60 In support of the notion that mast cells can contribute to lgE 
concentrations in intrinsic asthma, it was found that the level of IL-4 is elevated in these 
patients and (as in allergic asthma) that mast cells express a significant proportion of this 
cytokine.61-63 Interestingly a higher concentration of serum total IgE is associated with a 
lower lung function in asthma patients, irrespective of atopic status.61 Taken together, these 
observations have obvious implications for the role of mast cells in both allergic and 
intrinsic asthma. Provocation with AMP may therefore become a useful tool for further 
exploration of the role of mast cells in asthma, since there is now convincing evidence that 
the airway response to this nucleotide is an index of mast cell number or activity. 

ALLERGIC RHINITIS 

Polosa and colleagues recently demonstrated, similar to the findings in asthma patients, that 
the PC20 AMP, but not the PC20 methacholine, was associated with lower airway 
inflammation in subjects with allergic rhinitis in whom the diagnosis of asthma was 
specifically excluded.5 Although asthma and allergic rhinitis are different diseases, there are 
strong clinical and epidemiological associations between allergic rhinitis and extrinsic 
asthma. Allergic rhinitis often precedes the onset of clinical asthma and is a risk factor for 
the development of asthma. 64;6 In addition, hyperresponsiveness can be present in subjects 
with allergic rhinitis without clinical evidence of asthma. s;66 Little is known about the 
factors that determine bronchial hyperresponsiveness in these subjects, but it may be due to 
an increased inflammatory activation state (i.e. an increase of eosinophils in biopsies and 
induced sputum) within the airways of these subjects.37;67;68 It has been demonstrated in an 
epidemiological study that the presence of an increased inflammatory activation state as 
reflected by the presence of both peripheral blood eosinophilia and bronchial 
hyperresponsiveness increases the risk to develop asthma.69 In this respect, the observation 
of Polosa and colleagues that a higher level of bronchial hyperresponsiveness to AMP is 
associated with an increase in the inflammatory activation state in the airways of non
asthmatic subjects with allergic rhinitis is of particular interest as it may indicate a 
predisposition to develop asthma. However, this hypothesis has to be confirmed in long
term prospective studies of patients with allergic rhinitis, including assessment of sputum 
eosinophilia and bronchial hyperresponsiveness to both AMP and methacholine. 
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Figure 3. Schematic diagram ofthe mechanisms involved in mast cell priming. The mast cell can be primed by a 
vast array of inflammatory mediators, which can be produced during both allergic (IgE mediated) and 
nonallergic processes (release of inflammatory mediators during an overall increased inflammatory 
activity). In turn the mast is capable of influencing lgE secretion from B cells, thereby further 
aggravating the inflammatory process in asthma. 

COPD 

AMP can induce bronchoconstriction in subjects with COPD as well. Airway inflammation 
may play a role in AMP-induced bronchoconstriction, since hyperresponsiveness to AMP 
has a higher prevalence and severity in smokers than in non-smokers (or ex-smokers) with 
COPD who have comparable levels of hyperresponsiveness to methacholine (see figure 
4).70 This is in agreement with findings of increased concentrations of tryptase and 
histamine in the bronchoalveolar lavage fluid of smokers.71 ;72 Although mast cells are 
commonly not associated with the inflammatory process in COPD, higher numbers of mast 
cells have been found by several groups.71 •72 It has recently been demonstrated in patients 
with COPD that the presence of hyperresponsiveness to AMP is accompanied by higher 
percentages of sputum eosinophils. 73 Airway inflammation can contribute to airflow 
limitation in a subgroup of patients with COPD and the presence of eosinophilic 
inflammation can predict benefit from corticosteroids.74'75 Thus, it can be hypothesized that 
the identification of eosinophilic airway inflammation in COPD via hyperresponsiveness to 
AMP creates therapeutic possibilities. In support of this, the improvement of PC20 AMP 
after 6 weeks treatment with a high dose of inhaled corticosteroids was significantly 
correlated with the number of peripheral blood eosinophils at baseline. 73 
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In patients with COPD, Renkema and colleagues recently found that a higher concentration 
of serum total IgE (indicating an increased inflammatory state) is associated with a lower 
decline in PC20 histamine over time. 76 This was a surprising finding, since only non-allergic 
patients without symptoms or signs of asthma were entered in this study. In the absence of 
allergy, it can be speculated that mast cells contribute to the serum IgE level, since they 
have the potential to influence IgE secretion from B cells and they are present in increased 
numbers in the airways of COPD patients.58:59:71 If so, the increased serum lgE level in a 
subgroup of COPD patients might also be related to the severity of bronchial 
responsiveness to AMP. It can be inferred from the above that a provocation test with AMP 
might provide different information about the prognosis in COPD patients. It is now 
generally accepted that a more severe bronchial responsiveness to methacholine or 
histamine is associated with a poorer prognosis (i.e. faster decline in FEV1) in COPD 
patients. 77:78 In contrast, a more severe bronchial responsiveness to AMP might be related 
to a more favourable prognosis, although this has yet to be determined. 
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Figure 4. PC20 methacholine (left) and PC20 AMP (right) values of smoking subjects with COPD (COPDsm), 
nonsmoking subjects with COPD (COPDnsm), smoking asthmatics (ASTsm) and nonsmoking 
asthmatics (ASTnsm). Individual values are presented as closed circles. Mean values, expressed as 
geometric mean, are represented by horizontal bars. Dashed line indicates the highest value 
administered (compiled with permission from Oosterhoff et a! (references 45 and 79). 

It has been suggested that provocation with AMP can be useful as a test to differentiate 
between asthma and COPD. This was based on the finding that ex-smokers with COPD 
(but not smokers with COPD) are significantly less responsive to AMP than non-smoking 
asthmatic subjects, whereas the sensitivity to a direct stimulus was the same between both 
groups.79 However, in this study only non-smoking asthmatics were selected and this may 
have lowered the PC20 value in the group of asthma patients, since non-smoking asthmatics 
are possibly less responsive to AMP due to a 'healthy smoker' effect (see figure 4).45 In 
addition, patients were not allowed to take inhaled corticosteroids. This may have increased 
the sensitivity to AMP to a greater extent in the patients with asthma than (if at all) in the 
patients with COPD. Thus we feel that it is, at present, premature to suggest a role for 
provocation with AMP in differentiating between asthma and COPD. 
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CONCLUSION 

AMP is an indirect stimulus to measure bronchial hyperresponsiveness as it mainly acts via 
the release of inflammatory mediators from mast cells. The PC20 AMP is more closely 
associated with airway inflammation than PC20 methacholine in asthma. In addition, the 
PC20 AMP more closely reflects changes in airway inflammation than PC20 methacholine 
either after treatment with corticosteroids or after a stay in a hypoallergenic environment. 
Thus, PC20 AMP may be a better tool to monitor airway inflammation in asthma. In 
addition, the PC20 AMP is associated with inflammation in the lower airways of patients 
with allergic rhinitis and without a clinical history of asthma. AMP can induce 
bronchoconstriction in subjects with COPD as well and in agreement with this observation 
higher numbers of mast cells have been found in the airways of these patients. Finally, it 
has been suggested that a management plan incorporating the PC20 AMP might improve the 
treatment of asthma. This hypothesis has to be sorted out in future studies. 
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PC20 AMP MORE CLOSELY REFLECTS INFLAMMATION IN ASTHMA THAN PC20 METHACHOLINE 

ABSTRACT 

Introduction 

Inhalation of a direct stimulus such as histamine or methacholine is generally used to 
measure bronchial hyperresponsiveness (BHR). Provocation with adenosine 5 '
monophosphate (AMP), an indirect airway challenge, has been suggested to be a better 
marker of airway inflammation than direct challenges. However, so far little information on 
this subject is available. 

Aim 

To assess whether the concentration of AMP causing the FEV 1 to drop by 20% (PC20) is 
more closely associated with inflammatory parameters in asthma than PC20 methacholine. 

Methods 

In 1 20 atopic asthmatics (median FEV1 8 1  %predicted (pred), median age 27 years), PC20 
methacholine and PC20 AMP as well as sputum induction, blood sampling, and 
measurement of nitric oxide in exhaled air were performed. 

Results 

PC20 methacholine was predominantly predicted by FEV1 %pred (explained variance (ev) = 

1 8%) with the percentage of peripheral blood monocytes being a weak additional 
independent predictor (total ev = 23%). By contrast, PC20 AMP was predominantly 
predicted by the percentage of eosinophils in sputum (ev = 25%), while FEV1 o/opred was 
only an additional independent predictor (total ev = 36%). 

Conclusions 

PC20 AMP reflects more closely the extent of airway inflammation due to asthma than PC20 
methacholine. 
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INTRODUCTION 

Bronchial hyperresponsiveness (BHR) and airway inflammation are both characteristic 
features of asthma. Histamine and methacholine, stimuli that mainly act directly on airway 
smooth muscle, are generally used to measure the presence and severity of BHR. Although 
the presence and severity of BHR are related to smooth muscle contraction, airway 
inflammation also contributes to BHR. Therefore indirect stimuli that exert their effect on 
inflammatory cells, subsequently leading to smooth muscle contraction and edema may 
provide additional information. Adenosine 5 '-monophosphate (AMP) is such an indirect 
stimulus, since it has little effect on airway smooth muscle contraction 'in vitro' .1 A major 
action of AMP appears to involve the release of histamine and other preformed mediators 
from 'primed' mast cells as AMP-induced bronchoconstriction is associated with a rise of 
histamine in plasma and bronchoalveolar lavage fluid. 

2
;3 Moreover, the concentration of 

AMP causing FEV 1 to drop by 20% (PC20) is inhibited up to 80% by pretreatment with 
antihistamines.4 AMP may have some additional actions on neural pathways as the airway 
response is partially attenuated by atropine and ipratropium bromide. 5;6 

Previous studies have shown that PC20 AMP improves to a larger extent with the use of 
inhaled corticosteroids than PC20 methacholine. 7•9 Furthermore, in a study by Aalbers and 
colleagues the improvement of BHR after a stay of one month in a hypoallergenic 
environment in Switzerland could be detected with AMP but not with methacholine. 1

0 

These findings suggest that PC20 AMP is more closely associated with airway inflammation 
in patients with asthma than PC20 methacholine. However, no formal study has investigated 
this hypothesis so far in the sense of actually collecting data on inflammation in sputum or 
airway wall biopsy. 

The aim of the present study was to investigate whether PC20 AMP is more closely 
associated with airway inflammation compared to PC20 methacholine. To this end, we 
tapered down inhaled corticosteroids in a large group of 1 20 asthmatic subjects. Thereafter, 
we assessed the relationship between PC20 methacholine as well as PC20 AMP with FEV 1 
%predicted (pred) and inflammatory markers in sputum, blood and exhaled air. 

PATIENTS AND METHODS 

Patients 

Patients with a diagnosis of asthma, 1 8-65 years old, were included if they met the 
following criteria: PC20 methacholine � 8 mg/ml, at least one positive skin prick test out of 
17 common aero-allergens, reversibility to P2-agonist � 9% of the predicted FEV 1 o  and 
ability to expectorate sputum after hypertonic saline inhalation. 

Study design 

Inhaled corticosteroids were tapered and when possible discontinued completely in 3 
weeks. Patients were asked to visit the hospital on two consecutive days when they had 
discontinued their inhaled corticosteroids completely for three weeks, or earlier, if they 
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experienced (subjective) symptoms of a pending asthma exacerbation for which they felt 
that treatment with corticosteroids was desirable. On the first day lung function, exhaled 
nitric oxide (NO), blood sampling and sputum induction were performed. On the second 
day bronchial hyperresponsiveness was measured by methacholine challenge and after one 
hour a second challenge with AMP was done. The study protocol was approved by the local 
medical ethics committee and all participants gave their written informed consent. 

Exhaled nitric oxide 

Exhaled nitric oxide (NO) was measured by tidal breathing as previously described by 
Alving. 1 1  

Lung function 

FEV 1 was measured with a calibrated water-sealed spirometer according to standardized 
guidelines as described previously.7 PC20 methacholine followed by PC20 AMP one hour 
later were performed with a 2-minute tidal breathing method. Adenosine and methacholine 
were prepared in 0.9% saline to produce a range of concentrations from 0.04 to 320 mg /ml 
for adenosine and 0.038 to 8 mg/ml for methacholine. 

Sputum induction and sputum processing 

Sputum was induced by inhalation of hypertonic saline aerosols as previously described.7 

Fifteen minutes after salbutamol (200 J.lg) inhalation, hypertonic saline (3%, 4%, and 5%) 
was nebulized for each concentration during 7 minutes. Whole samples were processed 
according to the method of Fahy et a! with some modifications.7· 1

2 

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 using 
an available ELISA kit (CLB, Amsterdam). 

Statistical methods 

All calculations ofPC20 were performed with the base-2 logarithm (log2) since this reflects 
doubling concentrations and normalizes the distribution. Patients already responding to 
saline were assigned a PC20 value half of the lowest concentration applied. 13 Patients not 
responding to the highest concentration of methacholine or AMP were assigned a value 
twice the highest concentration applied. Normality of distributions was assessed using 
Kolmogorov-Smimov test. If this test resulted in a p-value < 0.05, normalization by 
logarithmic transformation was attempted. Correlations between variables were calculated 
by Pearson's correlation test in case of normal distribution or by Spearman's correlations 
test otherwise. To determine independent prognostic factors ofPC20 methacholine and PC20 
AMP multiple regression analysis was employed, in the stepwise algorithm (SPSS PC+ 
9.0). In this analysis, the use of corticosteroids (yes/no), and the number of days 
corticosteroids had been stopped at the time of measurement were entered as covariates. 
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RESULTS 

Patient characteristics 

One hundred and twenty patients with mild to moderately severe asthma were enrolled in 
the study. Baseline characteristics are presented in table I .  
Table 1.  Characteristics and cell count data of the study population 

(n=1 20).* 

Age (yrs) 
Gender M/F 
Smoking (%) 

Current 
Non-smoker 

FEV1 (%pred.) 
Reversibility (%pred) 
PC20 methacholine (mg/ml) 
PC2o AMP (mg/ml) 
Exhaled NO (ppb )n 
Sputum 

Total cell count (* 1 06/ 
Macrophages (%) 
Lymphocytes (%) 
Neutrophils (%) 
Eosinophils (%) 
Bronchial epithelial cells (%) 
ECP (ng/ml) 
IL-8 (pg/ml) 

27 
41179 

26 
74 
80 
1 2  
0.47 
4. 1 6  
14.3 

4.5 
44.2 
1 .8 
34.3 
5 
2.2 
76 
2 1 90 

( 1 8 - 56) 

( 1 5 - 1 1 0) 
(0 - 46) 
(0.019 - 7.89) 
(0.02 - 640) 
( 1 .8 - 37 . 1 )  

(0. 1 2  - 43 .4) 
(5.8 - 83.8) 
(0 - 9) 
(4 - 92.2) 
(0 - 88.5) 
(0 - 29.2) 
( 1 .8 - 37. 1 )  
( 1 64 - 1 5048) 

* Values are expressed as median (range). tThe percentages groupwise do not add up. This is due to the non
normal distributions and the expression as medians instead of means. • The reference value of exhaled nitric 
oxide in our laboratory is 6.0 ppb - I 0 ppb. 

During the steroid tapering period, 1 6  patients returned to the hospital earlier due to 
symptoms of a pending asthma exacerbation. In this study, it was mandatory that patients 
completely discontinued their inhaled corticosteroids for at least three weeks. From these 
1 6  patients, 6 patients still used inhaled corticosteroids (3 patients 400 J..Lg/day budesonide 
or beclomethasone, 2 patients 250 J..Lg/day fluticasone propionate, and 1 patient 800 J..Lg/day 
budesonide ). The remaining l 0 patients had not used inhaled corticosteroids for a median 
period of 1 2  days (range 2 - 2 1  days). It was not possible to measure the PC20 methacholine 
and PC20 AMP in all patients, due to asthma symptoms and low FEV1 (the lowest FEV1 
was 1 5  %pred). Thus, we were able to measure the PC20 methacholine and the PC20 AMP in 
1 1 8 (98%) and 1 1 4 (95%) patients respectively. All patients were, by design, responsive to 
methacholine (PC20 � 8 mg /ml), whereas l 02 of the 1 14 (89%) patients were responsive to 
AMP (PC20 � 320 mg/ml). Of the 1 6  patients who returned to the hospital before they had 
completely discontinued their inhaled corticosteroids for at least three weeks, the PC20 
AMP could not be measured in 2 patients, 1 3  patients were responsive to AMP, and 1 
patient was not responsive to AMP. 
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Individual correlations of PC20 methacholine and PC20 AMP with clinical and 
inflammatory parameters 

A high correlation for both PC20 methacholine and PC20 AMP was found with FEV 1 %pred, 
correlations being very comparable (r = 0.45, p < 0.01 and r = 0.43, p < 0.0 1 respectively) 
(Table 2, fig. 1 ) .  There was an inverse correlation between percentage of sputum 
eosinophils and PC20 methacholine as well as PC20 AMP, the correlation being stronger 
with PC20 AMP (p = - 0.49, p < 0.01 )  than with PC20 methacholine (p = - 0.29, p < 0.0 1 )  
(fig. 2). Furthermore PC20 methacholine was significantly correlated with the percentage of 
lymphocytes and ECP per eosinophil in sputum, while PC20 AMP significantly correlated 
with ECP per eosinophil in sputum, ECP in sputum, number of eosinophils in blood, and 
ECP in blood. 

Table 2. Correlation of clinical and inflammatory parameters 
with PC20 methacholine and PC2oAMP. 

PC20 Methacholine PC2o AMP 

FEV1 %pred r = 0.45** r = 0.43** 
Sputum cell differential, (%) 

Eosinophils t p - - 0.28** p - - 0.49** 
Lymphocytes t r 0.22* r 0. 1 1  
Macrophages r 0.09 r 0.07 
Neutrophils r 0.09 r 0. 1 6  
Bronchial epithelium t r 0.05 r 0. 1 

Sputum ECPt r - - 0. 1 8  r - - 0.27** 
Sputum ECP/Eosinophilt r = 0.22* r = 0.38** 
Sputum IL-8t r - - 0. 1 8  r 0.08 
Blood cell differential, ( 1 09/ml) 

Leucocytes r 0.00 r 0.02 
Neutrophils r = 0.08 r = 0.09 
Lymphocytes r - - 0.04 r 0.07 
Monocytes r 0. 1 5  r 0. 1 
Eosinophils r - - 0. 1 4  r - - 0.31** 
Basophilst r = 0. 1 1  r = 0.03 

Blood ECPt r - - 0. 1 6  r - - 0.32** 
Blood ECP/eosinophilt r = 0.08 r = 0. 1 1  
Exhaled NO r 0.07 r - - 0.09 
. 
p < O.OS, "p < O.O l ,  'log transformed. 
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Independent correlates of PC20 methacholine and PC20 AMP in a multiple linear 
regression model 

In a multiple linear stepwise regression model, PC20 methacholine was predominantly 
predicted by FEV 1 % pred, while the number of peripheral blood monocytes was an 
independent additional predictor (Table 3). 

Table 3. Multiple linear regression models for PC20 methacholine and PC20 AMP. •t 

l .  FEV 1 %pred 

2. FEV 1 o/opred 
Blood monocytes 

PC20 methacholine PC20 AMP 
�N Explained �N Explained 

variance 

0.42 1 8% 

0.40 23% 
0.22 

1 .  Sputum eosinophils (%) 

2. Sputum eosinophils, (%) 
FEV1 o/opred 

-0.56 

-0.50 
0.39 

variance 

25% 

36% 

'Presentation of different sequential models selected by the stepwise method in SPSS-package 9.0. HStandardized 
partial correlation coefficient. 1Model run with all variables from Table 2; the use of inhaled corticosteroids (yes/no) 
and the number of days patients had stopped their inhaled corticosteroids at the time of measurement were entered as 
covariates. 

In contrast, PC20 AMP was predominantly predicted by the percentage eosinophils in 
sputum, while FEV 1 %pred was an additional independent predictor for the level of PC20 
AMP. The total percentage explained variance was larger for PC20 AMP (36%) than for 
PC20 methacholine (23%). When the use of corticosteroids (yes/no), and the number of days 
corticosteroids had been stopped at the time of measurement were entered as covariates, 
their regression coefficients were not significant. 

DISCUSSION 

This study in a large group of asthma patients demonstrates that the severity of PC20 
methacholine and PC20 AMP are both associated with baseline level of FEV 1 %pred. PC20 
AMP provides a better reflection of airway inflammation than PC20 methacholine, since the 
percentage of sputum eosinophils explains 25% of the variance in PC20 AMP while it is not 
a significant independent predictor for PC20 methacholine. These results were independent 
of whether or not patients were still using inhaled corticosteroids at the time of 
measurement. 

A positive association between the severity of bronchial hyperresponsiveness and the level 
of FEV 1 has been observed before.

14 It can be explained by the fact that a given stimulus 
will result in a larger bronchoconstrictor response in a subject with more severe airway 
obstruction than in a subject with less severe obstruction, resulting in a lower provocative 
concentration of the stimulus under study causing a 20% reduction in FEV 1 • 1 5• 17 Thus, it 
was expected that both the severity of PC20 methacholine and PC20 AMP would be 
associated with the level of FEV 1 %pred. 

The observed association between more severe bronchial hyperresponsiveness to both PC20 
methacholine and PC20 AMP and more extensive airway inflammation, i.e. the percentage 
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of eosinophils in sputum was to be expected. Worsening of asthma following viral infection 
or antigen exposure is associated with an increase in bronchial hyperresponsiveness and in 
case of experimental rhinovirus accompanied by an increase in sputum eosinophils and 
ECP. 18; 19 Furthermore, bronchial hyperresponsiveness and sputum eosinophilia improve 
after therapy with inhaled corticosteroids. 7 Activation of different inflammatory cells leads 
to airway wall edema with a concomitant increase in airway wall thickness. In addition, 
smooth muscle cells become more sensitive to contracting stimuli, all contributing to an 
increase in bronchial responsiveness. 

20;2 1 

In our study, we found a dichotomy in the factors explaining the severity of PC20 
methacholine and PC20 AMP. The level of FEV1 o/opred was the most important 
explanatory factor for the severity of PC20 methacholine. Although the level ofFEV1 o/opred 
was also a significant factor in explaining the severity of PC20 AMP, greater contribution 
was derived from the percentage of sputum eosinophils. Therefore PC20 AMP, which acts 
indirectly via the release of mediators from primed mast cells, reflects to a larger extent the 
cellular activation state in asthma than PC20 methacholine. There are two possible 
explanations for the finding that PC20 AMP is more closely associated with eosinophilic 
airway inflammation than PC20 methacholine. Firstly, an increased number of eosinophils 
may reflect an overall increased inflammatory activity resulting in an increased production 
of cytokines that stimulate mast cell chemotaxis, maturation or activation directly or 
indirectly.

22 
Secondly it can be speculated that the exposure to aeroallergens in allergic 

subjects activates mast cells through IgE-dependent pathways resulting in the release of 
mediators which are responsible for an influx of eosinophils in sputum. We hypothesize, 
that if tryptase or another marker of mast cell activity was to be measurable in sputum or 
blood, a closer association might be demonstrable for PC20 AMP with sputum tryptase than 
for PC20 AMP with the percentage of sputum eosinophils. 

Polosa and colleagues recently reported an association between the number of eosinophils 
in sputum and PC20 AMP, but not PC20 methacholine in 12 subjects with allergic rhinitis in 
whom the diagnosis of asthma was specifically excluded.

23 Although asthma and <1llergic 
rhinitis may be different diseases, patients with allergic rhinitis without clinical evidence of 
asthma have been shown to exhibit airway inflammation as reflected by an increase of 
eosinophils in sputum.Z4 Thus, the data of Polosa et al are compatible with ours. We 
extended their observation in two ways. Firstly, we measured sputum ECP and showed in a 
simple regression that activation of eosinophils, as measured by ECP, was associated with 
more severe responsiveness to AMP but not to methacholine. This did, however, not 
contribute significantly in the multiple regression analysis. Multiple regression was not 
performed by Polosa. The current analysis for the first time clearly showed that PC20 AMP 
is more closely associated with eosinophils in sputum than PC20 methacholine. 

The observation that a lower number of peripheral blood monocytes is independently 
associated with more severe responsiveness to methacholine was not expected. In a 
previous study, Sont et al also found an association between peripheral blood monocytes 
and bronchial hyperresponsiveness to hypertonic saline. It has been suggested that 
peripheral blood monocytes may play a role in immune responses.25 To date, however, 
relatively little is known about the modulatory role of peripheral blood monocytes in 
airway inflammation. Therefore this finding is of interest and merits further investigation. 
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In our study, PC20 AMP but not PC20 methacholine was associated equally strongly with the 
number of peripheral blood eosinophils and with the concentration of ECP in serum. 
Peripheral blood eosinophils have been shown to be associated with the severity of 
symptoms, the level of FEV h and bronchial hyperresponsiveness to methacholine and 
histamine.

2
6"

2
9 Furthermore, serum ECP has been shown to reflect the degree of eosinophil 

activation.3
0 

Thus, it has been suggested that both peripheral blood eosinophils and serum 
ECP may be indirect markers of airway inflammation in asthma.

24 However, both the 
number of peripheral blood eosinophils and the concentration of ECP in serum did not 
contribute to a better prediction of PC20 AMP in multiple regression analysis. The probable 
explanation for this finding is that the percentage of eosinophils in sputum, the number of 
peripheral blood eosinophils and serum ECP provide overlapping information about the 
inflammatory activation state in asthma. 

Finally, we did not find exhaled NO to be related to either PC20 methacholine or PC20 AMP. 
The concentration of exhaled NO has been suggested to reflect airway inflammation. 
Patients with asthma have a higher concentration of exhaled NO compared to normal 
individuals, which is reduced after treatment with corticosteroids. However, the direct 
association between the concentration of exhaled NO and airway inflammation as reflected 
by the number of eosinophils in bronchial biopsies or sputum has been a matter of 
controversy.3 1 ;3

2 
Therefore, the absence of an association between the concentration of 

exhaled NO and PC20 AMP does not exclude PC20 AMP as a marker of airway 
inflammation. 

In conclusion, the results of this study show for the first time that PC20 AMP is more 
closely associated with airway inflammation than PC20 methacholine. Therefore, PC20 AMP 
provides both clinicians and researchers with a non-invasive marker of disease activity. 
Further studies have to assess whether reduction of airway wall inflammation in asthma, 
e.g. by corticosteroids, is also more closely associated with improvement in PC20 AMP than 
PC20 methacholine. 
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PC20 AMP MORE CLOSELY REFLECTS INFLAMMATION IN ASTHMA THAN Pc20 METHACHOLINE 

ABSTRACT 

Introduction 

It has been suggested in cross-sectional studies that provocation with adenosine 5 '
monophosphate (AMP) more closely reflects the inflammatory process in asthma than 
provocation with methacholine or histamine. 

Aim 

To investigate whether the steroid-induced improvement in PC20 AMP is more closely 
associated with the concomitant reduction in airway inflammation than the improvement in 
PC20 methacholine. 

Methods 

In 1 20 asthmatic patients, PC20 methacholine and PC20 AMP as well as sputum induction 
and measurement of nitric oxide (NO) in exhaled air were performed before and after two 
weeks treatment with corticosteroids. 

Results 

Improvement in PC20 AMP was solely related to reduction in airway inflammation (i.e. 
change in the number of sputum eosinophils, lymphocytes, epithelial cells, and 
concentration of NO in exhaled air). In contrast, improvement in PC20 methacholine was 
related to both reduction in airway inflammation (i.e. change in the number of sputum 
eosinophils and lymphocytes) and increase in FEV1 %pred. The total explained variance of 
the improvement in bronchial hyperresponsiveness was higher for AMP than methacholine 
(36% versus 22%). 

Conclusions 

We conclude that PC20 AMP is more sensitive to changes in acute airway inflammation 
than PC20 methacholine, further reinforcing the notion that PC20 AMP can be a useful tool 
for monitoring the effects of anti-inflammatory therapy. 
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INTRODUCTION 

Bronchial hyperresponsiveness and airway inflammation are both well-established features 
of asthma. Thus far, bronchial hyperresponsiveness generally has been measured with 
methacholine or histamine. These are both direct stimuli, since they exert their effect 
directly on airway smooth muscle. Another stimulus to measure bronchial 
hyperresponsiveness is adenosine 5 '-monophosphate (AMP). AMP is an indirect stimulus, 
since it has little effect on airway smooth muscle contraction 'in vitro' . 1  A major action of 
AMP appears to involve the release of histamine and other preformed mediators from 
immunologically primed mast cells as AMP-induced bronchoconstriction is associated with 
a rise of histamine in plasma and bronchoalveolar lavage fluid.

2
;3 Moreover, the PC20 AMP 

is inhibited up to 80% by pretreatment with antihistamines.4 AMP may have some 
additional actions on neural pathways as well, since the airway response is partially 
attenuated by atropine and ipratropium bromide. 5;6 

We have recently demonstrated that the PC20 AMP is more closely associated with airway 
inflammation than PC20 methacholine.7 It has been suggested that the PC20 AMP is also 
more sensitive to changes in airway inflammation, since it improves to a greater extent after 
therapy with corticosteroids than PC20 methacholine. 8;9 However, thus far it is unknown 
whether this greater improvement in PC20 AMP is related to reduction in airway 
inflammation. The aim of our study was to investigate whether steroid-induced 
improvement in PC20 AMP is more closely associated with the concomitant reduction in 
airway inflammation than improvement in PC20 methacholine. To investigate this, inhaled 
corticosteroids were tapered down in 1 20 patients with mild to moderately severe asthma. 1

0 

Corticosteroids were subsequently started and the relationship assessed between the 
corticosteroid-induced improvement in both PC20 methacholine and PC20 AMP and the 
concomitant increase in the level of FEV 1 %pred and reduction in airway inflammation. 
The latter was assessed by exhaled air and the number of inflammatory cells and eosinophil 
cationic protein (ECP) obtained by sputum induction 

PATIENTS AND METHODS 

Patients 

Patients with a diagnosis of asthma, 1 8-65 years old, were included if they met the 
following criteria: PC20 methacholine � 8 mg/ml, at least one positive skin prick test out of 
1 7  common aero-allergens, reversibility to Pragonist ;:::, 9% of the predicted FEV h and 
ability to expectorate sputum after hypertonic saline inhalation. 

Study design 

Inhaled corticosteroids were tapered down as described in a previous study. 1
0 

Patients were 
asked to visit the hospital on two consecutive days when they had discontinued their 
inhaled corticosteroids completely for three weeks, or earlier, if they experienced 
(subjective) symptoms of a pending asthma exacerbation for which they felt that treatment 
with corticosteroids was desirable. Then, patients were randomized to receive treatment for 
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two weeks with either prednisone (30 mg/day), fluticasone propionate (2000 f.lg/day), or 
fluticasone propionate (500f.lg/day). Before and after two weeks treatment with 
corticosteroids, measurement of PC20 methacholine and PC20 AMP as well as sputum 
induction, and measurement of nitric oxide (NO) in exhaled air were performed as 
described previously. The study protocol was approved by the local medical ethics 
committee and all participants gave their written informed consent. 

Exhaled nitric oxide 

Exhaled nitric oxide (NO) was measured by tidal breathing method using a 
chemiluminescence analyzer (CLD 700 AL, ECO physics, Switzerland) as described 
previously. 1 0 

Airway function 

FEV 1 was measured with a calibrated water-sealed spirometer according to standardized 
guidelines. 1 0; 1 1  Provocation tests were performed using a 2 minute tidal breathing method, 
adapted from Cockcroft and coworkers. 12· 13 After an initial nebulized saline challenge, 
subjects inhaled doubling concentrations, ranging from 0.04 to 320 mg/ml for AMP and 
0.038 to 1 9.2 mg/ml for methacholine-bromide, at 5 min intervals. 

Sputum induction and sputum processing 

Sputum was induced by inhalation of hypertonic saline aerosols as previously described. 10 

Fifteen minutes after salbutamol (200 J.lg) inhalation, hypertonic saline (3%, 4%, and 5%) 
was nebulized for each concentration during 7 minutes. Whole samples were processed 
according to the method of Fahy et al with some modifications. 10: 14 Eosinophilic cationic 
protein (ECP) was measured by ImmunoCAP according to instructions provided by 
Pharmacia (Uppsala, Sweden). 

Statistical methods 

All calculations of PC20 were performed with the base-2 logarithm (log2) since this reflects 
doubling concentrations and normalizes the distribution. For purposes of analysis, patients 
already responding to saline were assigned a PC20 value half of the lowest concentration 
applied. 15 Patients not responding to the highest concentration of methacholine or AMP 
were assigned a value twice the highest concentration applied. Normality of distributions 
was assessed using Kolmogorov-Smimov test. If this test resulted in a p-value < 0.05, 
normalization by logarithmic transformation was attempted. Correlations between variables 
were calculated by Pearson's rank correlation test in case of normal distribution or by 
Spearman's rank correlations test otherwise. To determine independent prognostic factors 
of PC20 methacholine and PC20 AMP multivariate regression analysis was employed in the 
stepwise algorithm (SPSS PC+ 1 0.0); treatment group, use of corticosteroids (yes/no), and 
number of days corticosteroids were stopped at randomization were entered as covariates. 
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RESULTS 

Patient characteristics 

Between September 1 995 and July 1997, 1 20 patients were enrolled into the study (Table 
l ). 

Table 1. Characteristics and cell count data of the study population (n=1 20).* 
Before therapy After therapy Change (a) 

Age (yrs) 27 (22 - 38) 

Gender M/F 41/79 
Smoking (%) 

Current 26 
Non-smoker 74 

FEV1 (o/opred.) 8 1  (67 - 92) 85 (73 - 97) 5.4 (- 0.8 - 1 2.3) p < O.Ol 
PC20 meth (mg/ml) 0.54 (0.02 - 7.9)** 1 .5 (0.02 - 39. 1 )** 1 .5 (0.6 - 2.5) t p < O.Ol 
PC2o AMP (mg/ml) 4 (0.02 - 640)** 42.8 (0.02 - 640)** 3.1 (0.4 - 5.6) t p < O.Ol 
Exhaled NO (ppb)# 1 4  ( I I  - 20) I I  (7 - IS) - 3.6 (- 7.4 - 0.4) p < O.O l 
Sputum ECP (ng/ml) 76 (33 - 250) 35 ( 1 7  - 10 1 )  - 27.8 (- 143 - 0.7) p < O.O l 
Sputum 
Squamous cells (%) 7 (3 - 16) 8 (4 - 1 9) 
Total cell count (I 03/ml) 5 1 9  (230 - 699) 479 (328 - 8 10) 84 (- 142 - 272) p = O. IO  
Macrophages ( 103/ml) 1 98 ( 109 - 369) 275 ( 142 - 423) 47 (- 41 - 190) p < O.Ol 
Lymphocytes ( 103/ml) 9 (4 - 1 7) 6 (3 - 1 2) - I (- 8 - 4) p = 0.06 
Neutrophils ( 1 03/ml) 1 38 (64 - 298) 1 65 (80 - 295) 16  ( - 85  - 1 19) p - 0.1 7  
Eosinophils ( I  03/ml) 22 (7 - 60) 3 (0 - 12) - I I  (- 42 - - 1 )  p < O.OI 
Bronchial epithelial cells 10  (4 - 26) 1 3  (5 - 29) 2 (- 10 - 14) p - 0.36 
( 103/ml) 
*Values are expressed as median with interquartile ranges. **Geometric mean and range between 
brackets!Change in PC20 AMP and PC20 methacholine expressed in doubling concentrations. #The normal range 
for exhaled nitric oxide in our laboratory is between 6.0 ppb and I 0 ppb. 

After the start of the treatment, two of the 1 20 patients were lost from the study (one 
pregnancy and one loss of study medication). In this study, it was mandatory that patients 
completely discontinued their inhaled corticosteroids for at least three weeks. During the 
steroid tapering period, 16  patients returned to the hospital earlier due to symptoms of a 
pending asthma exacerbation. From these 16  patients, 6 patients sti l l  used inhaled 
corticosteroids at the start of the treatment period (3 patients 400 Jlg/day budesonide or 
beclomethasone, 2 patients 250 J.Lg/day fluticasone propionate, and 1 patient 800 J.Lg/day 
budesonide ); the remaining 1 0  patients had discontinued their inhaled corticosteroids for a 
median period of 1 2  days (range 2 - 2 1  days). It was not possible to perform 
hyperresponsiveness testing in all patients, due to asthma symptoms and low FEV 1 • Thus, 
we were able to measure the PC20 methacholine and the PC20 AMP both before and after 
treatment with corticosteroids in 1 1 1  {94%) and 1 08 (92%) patients respectively. Before 
treatment with corticosteroids, all patients were, by design, responsive to methacholine 
(PC20 :S 8 mg/ml), and 1 02 of the 1 1 4 (89%) patients were responsive to AMP (PC20 :S 320 
mg/ml). After treatment with corticosteroids, 97 of the I l l  (87%) patients were responsive 
to methacholine, whereas 78 of the 1 08 (72%) patients were responsive to AMP. 
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Effect of steroid therapy 

The PC20 methacholine and PC20 AMP both improved significantly with steroid therapy by 
1 .5 and 3 . 1  doubling concentrations respectively (Table 1 ). Furthermore, the level of FEV1 
%pred increased significantly after therapy with corticosteroids, whereas the number of 
eosinophils and macrophages in sputum, the concentration of ECP in sputum and the 
concentration of nitric oxide (NO) in exhaled air all decreased significantly after therapy 
with corticosteroids. 

Monovariate correlations of corticosteroid-induced changes in PC20 methacholine and 
PC20 AMP with concomitant changes in clinical and inflammatory parameters 

A significant positive correlation was found between the change in PC20 methacholine and 
PC20 AMP with the change in the level of FEV 1 %pred (r = 0.3 1 ,  p < 0.01 and r = 0.36, p < 
O.ot respectively) (Table 2, Fig. 1 ). 

Table 2. Individual correlations of corticosteroid-induced changes in 
clinical and inflammatory parameters with improvement in 
PC20 methacholine and in PC20 AMP. 

�PC20 Metbacbolinet �PC20 AMP 

�FEV1 %predicted r =  0.31, p = 0.001 r =  0.36, p = 0.0001 

Sputum differential 

�eosinophilst ( 1 03/ml) r =  - 0.28, p = 0.004 r =  - 0.43, p = 0.000005 

�lymphocytest ( 1 03/ml) r =  0.27, p = 0.052 r =  0. 1 5, p = 0. 1 32 

�macrophagest ( 1 03/ml) r =  0.25, p = 0.01 r = 0.0 1 ,  p = 0.901 

�neutrophilst ( 1 03/ml) r =  0. 14, p = 0. 1 5  r =  - 0.08, p = 0.441 

�bronchial epithelial 
cellst ( 1 03/ml) 

r =  0.05, p = 0.59 r =  - 0. 1 4, p = O. I 7  

�sputum ECPt Cng!ml) r =  - 0.07, p = 0.483 r = - 0.24, p = 0.015 

�NO exhaled breath (ppb) r = - 0 . 1 8, p = 0.065 r = - 0.38, p = 0.0001 

tlog transfonned to nonnalize the distribution. 

There was a significant negative correlation between the change in PC20 methacholine and 
PC20 AMP on one hand and the change in the number of sputum eosinophils on the other 
hand, the correlation being stronger for change in PC20 AMP (r = - 0.28, p < 0.0 1 and r = -

0.43, p < 0.01 respectively) (Fig. 2). Furthermore, there were significant negative 
correlations between changes in PC20 AMP and the change in the concentration of ECP in 
sputum and NO in exhaled air and significant positive correlations between changes in PC20 
methacholine and the change in the number of sputum lymphocytes and macrophages. 
Other correlations were not significant. 
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Figure I. Relationship of improvement in PC20 methacholine and in PC20 AMP (expressed in doubling 
concentrations (DC)) to the increase in FEY 1 %predicted. 
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Multivariate analysis of corticosteroid-induced changes in PC20 methacholine and 
PCzo AMP 

In a multivariate linear stepwise regression model, both changes in PC20 methacholine and 
PC20 AMP were independently negatively correlated with the change in the number of 
eosinophils and positively with the change in the number of lymphocytes in sputum (Table 
3). In addition, the change in the level of FEV1 %pred was independently and positively 
correlated with the change in PC20 methacholine, but not PC20 AMP. The change in the 
concentration of NO in exhaled air and the change in the number of bronchial epithelial 
cells in sputum were both independently and negatively correlated with the change in PC20 
AMP. The total explained variance was larger for changes in PC20 AMP than PC20 
methacholine (total explained variance 36% and 22% respectively). When entering the 
treatment group, the use of inhaled corticosteroids at randomization (yes/no), and the 
number of days inhaled corticosteroids were stopped before randomization as covariates, 
their regression coefficients were not significant. 

Table 3. Multiple linear regression models for improvement in PC20 methacholine and in 
PCzo AMP. 

8Sputum lymphocytes ( 1 03/ml) 

8Sputum eosinophils ( 1 03/ml) 

8FEV1 %pred 

M'C20 methacholine 
�# Explained 

0.3 1 

-0.26 

0. 1 8  

variance 

22% 

8Sputum eosinophils ( 1 03/ml) 

8Sputum lymphocytes ( 1 03/ml) 

8NO exhaled air (ppb) 

8Sputum bronchial epithelial 
cells (I 03/ml) 

NStandardized partial correlation coefficient. 

DISCUSSION 

M'Czo AMP 
�# Explained 

-0.39 

0.34 

-0.29 

-0. 1 9  

variance 

36% 

This study demonstrates that corticosteroid-induced improvement in PC20 AMP is more 
closely associated with the concomitant reduction in airway inflammation than 
improvement in PC20 methacholine. Firstly, improvement in PC20 AMP was solely 
associated with reduction in airway inflammation in the multivariate regression analysis 
(i.e. the change in the number of sputum eosinophils, lymphocytes, epithelial cells and the 
concentration ofNO in exhaled air), but not with the increase in FEV1 %pred. In contrast, 
improvement in PC20 methacholine was associated with both reduction in airway 
inflammation (i.e. the change in the number of sputum lymphocytes and eosinophils) and 
the increase in FEV1 %pred. Secondly, the total explained variance of the model estimating 
the improvement in bronchial hyperresponsiveness by corticosteroids was much higher for 
AMP than for methacholine (36% versus 22%). The results of this analysis were 
independent of the treatment group (either prednisone (30 mg/day), fluticasone propionate 
(2000 !lg/day), or fluticasone propionate (SOO!lg/day)). 

Both in monovariate and in multivariate regression analyses, improvement in PC20 
methacholine was associated with the reduction in airway inflammation. It has now been 
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generally accepted that airway inflammation contributes to the presence and severity of 
bronchial hyperresponsiveness. However, the direct association between airway 
inflammation and bronchial hyperresponsiveness has been the subject of much controversy 
with almost as many negative as positive reports in the literature. 16"2

0 
Therefore, other 

factors are likely to be involved in the development and maintenance of bronchial 
hyperresponsiveness.

21 A possible explanation for this can be as follows: bronchial 
hyperresponsiveness consists of a variable component and a fixed component. The variable 
component is largely caused by airway inflammation and has been illustrated a lot in 
allergen exposure tests. 18;22 Activation of different inflammatory cells induces vascular 
leakage and edema with a concomitant increase in airway wall thickness?3 In addition, 
airway smooth muscle cells become activated and together this contributes to an increase in 
bronchial responsiveness after inhaling a bronchoconstrictor stimulus. 

23 The fixed 
component of bronchial hyperresponsiveness is caused by structural changes in the airway 
wall, which have been consistently found in asthmatic airways and are generally referred to 
as 'airway remodeling' .  Airway remodeling causes thickening of the airway wall due to the 
deposition of fibrous proteins, an increase in airway smooth muscle mass due to 
hypertrophy and hyperplasia, and hypertrophy of mucus secreting glands. 24:25 Furthermore, 
the contractile force of airway smooth muscle increases due to hypertrophy and 
hyperplasia.

26 It has indeed been demonstrated that a higher amount of reticular basement 
membrane thickening, a component of airway remodeling consistently found in asthmatic 
airways, is associated with more severe bronchial hyperresponsiveness and a lower level of 
FEV 1 •

27"
29 It is difficult to dissect the variable and the fixed component in cross-sectional 

studies, when only one measurement is available. Longitudinal studies are able to dissect 
this variable component from the fixed component, since by definition it is the variable 
component that changes over time. 

In agreement with this, Ichinose and colleagues recently demonstrated that the variable 
component of PC20 methacholine, i.e. its change after therapy with corticosteroids, is 
associated with improvement airway inflammation, whereas no association between PC20 
methacholine and airway inflammation could be found at baseline. 3

0 
The findings of 

lchinose and colleagues are compatible with ours. We have extended the observation of 
lchinose and colleagues in two ways. Firstly, we have measured bronchial responsiveness 
to both a direct stimulus (methacholine) and an indirect stimulus (AMP). In monovariate 
regression analysis, improvement in PC20 AMP was associated with a reduction in 
eosinophils as was PC20 methacholine. Additionally, improvement in PC20 AMP was 
associated with a decrease in the concentration of ECP in sputum. Secondly, we have 
performed a multivariate regression analysis. 

Interestingly, multivariate regression analysis revealed that steroid-induced improvement in 
PC20 AMP, acting indirectly via the release of mediators from immunologically primed 
mast cells, is more closely associated with reduction in airway inflammation than 
improvement in PC20 methacholine. The most likely explanation for this is that an overall 
decreased inflammatory activity results in a decreased production of cytokines and other 
mediators that stimulate mast cell chemotaxis, maturation or activation directly or 
indirectly. Alternatively, the number or activation state of eosinophils may be reduced as a 
result of a decreased production of inflammatory mediators by mast cells. Another possible 
explanation may be that corticosteroids exert an effect on the adenosine receptors or the 

80 



Chapter 4 

post receptor mechanisms of mast cells, although thus far such an effect has not been 
published. 

In concordance with others, we found that the PC20 AMP improved to a greater extent after 
treatment with corticosteroids than the PC20 methacholine (3 . 1  versus 1 .5 doubling 
concentrations). This is probably due to a rapidly (within two weeks) achieved reduction in 
cellular activity.8;9 It has been shown that the PC20 methacholine continues to improve for at 
least one year with steroid-therapy. 15 Whether this is also the case for PC20 AMP is 
unknown, but the bronchoconstrictor response to another indirect stimulus, exercise, has 
been shown to reach a plateau after 2 months.3 1 In this context it is interesting to speculate 
that the improvement in PC20 methacholine will 'catch up' with improvement in PC20 AMP 
after a longer time period. 

Both improvement in PC20 methacholine and PC20 AMP were associated with the change in 
the number of sputum lymphocytes. In a recent study of Lemiere and coworkers, it was 
shown that the interobserver repeatability is low for sputum lymphocytes and bronchial 
epithelial cells.3

2 
Thus, it is the more remarkable that we were able to find significant 

differences, since a greater variability of a test will result in a decreased statistical power to 
detect changes. The positive association between improvement in PC20 methacholine and 
PC20 AMP and change in the number of lymphocytes suggests that lymphocytes have a 
protective effect on bronchial hyperresponsiveness. This was an unexpected finding, since 
it has been shown that lymphocytes contribute to the inflammatory process in asthma. 33;34 

However, thus far the exact meaning of lymphocytes in sputum is not entirely clear. In our 
study, we did not measure activation markers and subsets of lymphocytes. These 
measurements should be able to help define the exact role for these inflammatory cells in 
sputum in acute and chronic asthma more precisely in future studies. 

We found that improvement in PC20 AMP, but not PC20 methacholine was associated with a 
decrease in the number of bronchial epithelial cells in sputum. Epithelial shedding is an 
important feature of asthma.35 It has been demonstrated that epithelial cell clumps (creola 
bodies) are present in increased numbers in sputum of asthma patients. Furthermore, partial 
epithelial denudation of the basement membrane is frequently observed in mucosal biopsies 
derived from asthmatic airways.36 The decrease in the number of epithelial cells may reflect 
a (start of) restoration of the barrier function of the airways leading to a decrease in 
bronchial hyperresponsiveness. However, in our study the decrease in the level of bronchial 
responsiveness to AMP, but not to methacholine was associated with a decrease in the 
number of bronchial epithelial cells. Therefore it seems more likely that the decrease in the 
number of epithelial cells in sputum after therapy with corticosteroids reflects an overall 
decrease in the cellular activation state in asthma, which is associated with the 
improvement in PC20 AMP, but not in PC20 methacholine. 

Finally, improvement in PC20 AMP, but not PC20 methacholine was associated with a 
decrease in the concentration of NO in exhaled air both in monovariate and in multivariate 
regression analysis. It has been suggested in a number of studies that measurement of NO 
in exhaled air may give information on the degree of airway inflammation in asthmatic 
patients. The concentration of NO in exhaled air is increased in patients with asthma.37 In 
addition, the concentration of NO decreases after therapy with corticosteroids and increases 
after allergen exposure.38;39 Finally, it has been shown that pro-inflammatory cytokines 
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increase the expression of inducible NO synthase (iNOS) in cultured human airway 
epithelial cells. Thus, our finding that improvement in PC20 AMP is more closely associated 
with a decrease in the concentration of NO in exhaled air is compatible with the thesis of 
improvement in PC20 AMP being more closely associated with reduction in airway 
inflammation. 

Sputum induction has been shown to be a reliable and reproducible method to assess the 
extent of airway inflammation.4

0 
In general, the percentages of inflammatory cells in 

sputum are analysed. We have chosen not to present the percentages of inflammatory cells 
in sputum, since a decrease in the percentage of one cell type is inevitably associated with 
an increase in another cell type. Therefore this mode of expression will influence the results 
of steroid-induced changes in sputum cell differential counts. To avoid this adverse effect, 
we have used absolute cell counts in sputum. We have also analyzed the percentages of 
inflammatory cells in sputum. In that analysis, we similarly found that improvement in PC20 
methacholine was associated with both the increase in FEY 1 %pred, and reduction in 
airway inflammation (i.e. percentage of sputum eosinophils and lymphocytes), while 
improvement in PC20 AMP was more closely related to reduction in inflammation and not 
with a reduction in FEY 1 o/opred. The improvement in PC20 AMP was independently 
associated with the decrease in the concentration of NO in exhaled air, and changes in the 
percentages of lymphocytes, macrophages, bronchial epithelial cells, and eosinophils in 
sputum. The current analysis of absolute cell counts shows that the change in percentages 
of sputum macrophages was not a valid association, but merely due to concomitant changes 
in the percentages of sputum eosinophils and lymphocytes. 

In conclusion, it has been demonstrated in this study that improvement in PC20 AMP with 
steroid treatment is more closely associated with reduction in airway inflammation than 
improvement in PC20 methacholine. This finding suggests that PC20 AMP is a more 
powerful tool to monitor active inflammation in the airway wall. 
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PROVOCATION WITH AMP INDUCES SPUTUM EOSINOPHILIA 

ABSTRACT 

Introduction 

Bronchial hyperresponsiveness 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 
hyperresponsiveness. 

Aim 

To investigate whether provocation with inhaled AMP itself initiates an inflammatory 
response resulting in influx of eosinophils into the airway lumen. 

Methods 

We have included 21 non-smoking atopic asthmatic subjects (mean FEV1 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 PC20 methacholine, 
and one hour after PC20 AMP. 

Results 

After provocation with AMP, but not methacholine, the percentage of sputum eosinophils 
increased significantly (from 1 .9 ± 0.5% to 4.5 ± I% (p < 0.0 1 )  and 1 .9 ± 0.5% (p = 0.89)). 
No changes in 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 can not 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 hyperresponsiveness and airway inflammation, and in particular eosinophilic 
inflammation, are characteristic features of asthma. Bronchial hyperresponsiveness 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 hyperresponsiveness is adenosine 5 '-monophosphate (AMP). At this time, there 
is increasing interest in the role of AMP as a bronchoconstrictor stimulus in asthma, since 
there is suggestive evidence that the PC20 AMP better reflects airway inflammation than the 
PC2o methacholine. 1 ·3 

Several lines of evidence indicate that AMP induces bronchoconstriction via the release of 
mast cell mediators through activation of A28 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' .45 Secondly, endobronchial instillation of AMP 
results in an immediate increase in the 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 Th2 type cytokines suggests that mast cell activation can 
contribute to orchestration of the asthmatic inflammatory 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. 1

0 

We have included 2 1  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, one hour after PC20 methacholine, and 
one hour after PC20 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. 1 1 - 14 

PATIENTS AND METHODS 

Patients 

Twenty-one patients with a diagnosis of asthma, 1 8-65 years old, were included if they met 
the following criteria: A doctor's diagnosis of asthma, non-smoking, documented PC20 
methacholine ::;; 8 mg/ml, PC20 AMP < 320 mg/ml at the first visit, at least one positive skin 
prick test out of 1 8  common aero-allergens, and the ability to produce sputum. All patients 
were required to have stable asthma for at least one month preceding and during the study. 
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Long acting beta-agonists were not allowed for 48 hours before each visit. We have 
included both patients who regularly used inhaled corticosteroids and patients who had not 
used inhaled corticosteroids for at least six months. 

Study design 

Patients were asked to attend three visits to the hospital with an interval of one to three 
weeks. At the first visit sputum induction and blood collection was performed one hour 
after a PC20 AMP (AMP visit). At the second and the third visit sputum induction and blood 
collection were performed in random order either one hour after a PC20 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 

FEV1 was measured with a calibrated dry wedge spirometer (Jaeger Masterscope, 
Hoechberg, Germany) according to standardized guidelines. 1 5. 16 Provocation tests were 
performed using a 2 minute tidal breathing method, adapted from Cockcroft and 
coworkers. 1 7' 18 After an initial nebulized saline challenge, subjects inhaled doubling 
concentrations, ranging from 0.04 to 320 mg/ml for AMP (Sigma, St Louis, USA) and 
0.038 to 1 9.6 mg/ml for methacholine-bromide (Sigma, St Louis, USA), at 5 min intervals. 

Sputum induction and sputum processing 

Sputum was induced by inhalation of hypertonic saline aerosols as previously described. 16 

Fifteen minutes after salbutamol (200 Jl&) inhalation, hypertonic saline (3%, 4%, and 5%) 
was nebulized for each concentration during 7 minutes. Whole samples were processed 
according to the method of Fahy et a! 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 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 ofPC20 were performed with the base-2 logarithm (log2) since this reflects 
doubling concentrations and normalizes the distribution. Normality of distributions was 
assessed using Kolmogorov-Smimov test. If this test resulted in a p-value < 0.05, 
normalization by logarithmic transformation was attempted. All data were analyzed using 
the Student's t-test for matched pairs in case of normal distribution and the Wilcoxon 
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signed ranks test otherwise. Values are presented as mean ± standard error of the mean 
(sem) unless stated otherwise. When analyzing the subgroups of patients with and without 
inhaled corticosteroids, the Wilcoxon signed ranks test was used. 

RESULTS 

Patient characteristics 

Twenty-one patients were included into the study. Eleven patients used inhaled 
corticosteroids. Baseline characteristics are presented in table 1 .  

Table 1 .  Characteristics and cell count data of the studl poEulation. * 

AU patients With ICS Without iCS 
n = 21 n =  1 1  n =  10  

Age (yrs) 33 ± 2  35 ± 4  3 1  ± 7  NS 
Gender MIF 7/14  5/6 2/8 NS 
Smoking, n 

Current 0 0 0 NS 
Never 1 7  7 10  NS 

Dose of inhaled corticosteroids** 1073 ± 1 87 
FEV1 (%pred.) 103 ± 3 99 ± 3 .5 107 ± 4.8 NS 
PC2o meth (mg/ml) T# 0.8 ± 1 .4 1 . 1  ± 0.6 4.3 ± 1 .8 NS 
PC20 AMP (mg/ml) T# 1 1 . 1  ± 1 .4 8.6 ± 1 .6 14.6 ± 1 .8 NS 
Blood eosinophils ( 10911) 0.2 ± 0 0.2 ± 0. 1 0.2 ± 0.1  NS 
Sputum ECP (ng/ml)T# 6 1 .6 ± 1 .4 67.5 ± 1 .7 57.8 ± 1 .7 NS 
Sputum IL-8 (ng/ml)T# 982 ± 1 .3 790 ± 1 .6 1 1 19± 1 .4 NS 
Sputum 
Total cell count ( 106 cells) T# 2.6 ± 1 .3 2 . 1  ± 1 .4 3.3 ± 1 .4 NS 
Macrophages, % 40.9 ± 6.3 42.3 ± 8.4 39.4 ± 1 0  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 ± standard error of the mean. **Expressed as J.lg beclomethasone or 
equivalent (100 J.lg beclomethasone. l OOJ.!g budesonide = 50 J.lg fluticasone propionate). �Geometric mean 
and geometric standard error of the mean. 'Log transformed to obtain normal distribution. 

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 PC20 AMP, in 1 7  patients after a PC20 methacholine and in 
17  respectively 1 6  patients at the control visit. Blood cell numbers and differential counts 
were performed in 2 1  patients after a PC20 AMP and in 19 patients after a PC20 
methacholine and at the control visit. The concentration ofECP in blood was assessed in all 
patients. We did not find any differences in baseline FEV 1 %predicted between the AMP 
visit, the methacholine visit and the control visit ( 1 03% ± 2.7%, 103% ± 3%, and 103% ± 
3% respectively, p > 0.05). Further, we found no difference in the maximum percentage fall 

9 1  



PROVOCATION WITH AMP INDUCES SPUTUM EOSINOPHILIA 

in FEV 1 between an AMP challenge and a methacholine challenge (mean ± sem 27% ± 
1 .2% versus 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 PC20 AMP, but not after a 
PC20 methacholine (from 1 .9 ± 0.5% to 4.5 ± I%, p < O.Ql and 1 .9 ± 0.5% to 1 .9 ± 0.5% 
respectively, p = 0.89) (see table 2 and figure 1) .  In addition, we found that the percentage 

Table 2. Blood and sputum inflammatory markers after a PC20 with either 
AMP or methacholine and a control visit.* 

PC2o AMP PC20 methacholine 
n = 21 n = 21 

Sputum 

Total Cell Count, ( 106 cells) Til 2 ± 0. 1 1 .2 ± 0. 1 

Eosinophils, % 4.5 ± 1** 1 .9 ± 0.5 
Lymphocytes, % 1 . 1  ± 0.3 0.8 ± 0.2 
Macrophages, % 34 ± 5.2 36.2 ± 5.3 
Neutrophils, % 59.4 ± 5.5 60.4 ± 5 .5 

Bronchial epithelial cells, % 0.7 ± 0.2 0.8 ± 0.3 

ECP (ng /mi)TII 55 ± 1 .3 34.2 ± 1.3** 
IL-8 (ng/mi)TII 1 327 ± 1 .2 1452 ± 1 .3 
Blood 

Eosinophils ( 1  09 /1) 0.22 ± 0 0.20 ± 0** 
Neutrophils ( 109/1) 4.3 ± 0.3 3 .9 ± 0.3 

Lymphocytes ( 109/1) 2.0 ± 0.7 1 .9 ± 0.2 

Monocytes ( 109/1) 0.5 ± 0. 1 0.52 ± 0  

Basophils ( 1 09/1) 0.05 ± 0.03 0.04 ± 0.05 
ECP (ng/ml) 1 0. 1  ± 1 1 0.5 ± 1 .5 

Control 
n = 2 1  

2.6 ± 0 . 1  

1 .9 ± 0.5 
I ± 0.2 
40.9 ± 6.3 
55.7 ± 6.6 
0.5 ± 0.3 
6 1 .6 ± 1 .4 
982 ± 1 .3 

0.2 1 ± 0  
4. 1 ± 0.3 

2 ± 0.2 

0.5 ± 0  

0.04 ± 0.01 
1 0. 1  ± 1 .2 

"Values are expressed as mean ± standard error of the mean. NGeometric mean ± geometric standard error of the mean. 
'Log transformed to obtain normal distribution . ... Signifcantly different compared to control. 

of eosinophils increased significantly after a PC20 AMP in the subgroup of patients who did 
not use inhaled corticosteroids (from 2.0 ± 0.73% to 4.2 ± 1 .2%, p = 0.04}, whereas a non
siginificant trend was found in the subgroup of patients who did use inhaled corticosteroids 
(from 1 .9 ± 0.7% to 4.8 ± 1 .4%, p = 0.09) (see figure 1) .  No difference in the AMP-induced 
increase in sputum eosinophils was found between patients with and without inhaled 
corticosteroids (2.8 ± 1 .5% versus 2.2 ± 0.9%, 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 respectively), 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 ofiL-8 in sputum and ECP in blood did not significantly. 
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Figure l. Percentages of sputum eosinophils one hour 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). 
Horizontal bars represent mean percentage of sputum eosinophils. 

change after a provocation test with AMP or methacholine. We have also analyzed 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 PC20 AMP (p = 0.08), but not after a PC20 
methacholine (p = 0.43), whereas no changes in numbers of lymphocytes, macrophages, 
neutrophils or bronchial epithelial cells were observed. 

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 one hour) 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 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 one hour after exposure to AMP.

20 
We have extended these 

findings in two ways. Firstly, we have demonstrated that an inflammatory response after 
inhalation of AMP occurs also 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.2

1 
Secondly, we have also performed sputum induction one hour after a PC20 
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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 nonspecific 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 At . A2A, A28, and A3 receptors. Activation 
of A28 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 
suggestives in the literature that mast cell derived mediators could account for the influx of 
eosinophils into the airway lumen. Indeed, it has been demonstrated that the proteases 
tryptase and chymase provide a potent stimulus for eosinophil accumulation following 
injection in the skin of guinea pigs.23-25 Further, inhalation of LT04 and LTE4, which are the 
major lipoxygenase products of mast cells, is associated with increases of eosinophils in 
sputum and bronchial biopsies. 1 2• 13•26 Finally, the cytokines TNF-alpha and IL-4, which are 
stored preformed in the granules of mast cells, can facilitate eosinophil recruitment by 
upregulating adhesion molecules (VCAM- 1 and E-selectin) in the endothelial layer of the 
bronchial vasculature.27•28 Thus, our finding of an increase in sputum eosinophils after 
inhalation of AMP suggests that mast cells can play a role in chronic inflammatory 
conditions in asthma. It could be speculated that the AMP-induced influx in eosinophils 
might induce a late asthmatic response similar to allergen challenge. However, this was 
made unlikely by the findings of Phillips and colleagues who could not demonstrate an 
increase in bronchial hyperresponsiveness to methacholine or a decline in FEV 1 up to 24 
hours after AMP challenge. 29 

Another possible explanation for the AMP-induced increase in sputum eosinophils might 
be that adenosine also exerts an effect on At. A2A, and A3 receptors, which have been 
identified on neutrophils, eosinophils, and macrophages. The exact consequences of their 
activation are difficult to predict as various pro- and anti- inflammatory actions have been 
described: activation of adenosine A1 receptors promotes chemotaxis of neutrophils and 
increases adherence of neutrophils to endothelial cells.30'3 1 In contrast, activation of 
adenosine A2A receptors reduces chemotaxis, activation and degranulation of neutrophils 
and activation of A3 receptors mediate inhibition of eosinophil chemotaxis when 
activated. 32•33 The exact consequence of activation of different adenosine receptors has 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 one hour after provocation with 
methacholine. 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 
minutes, 1, 4 and 5 hours after provocation with methacholine. t t - !4.34 However, we 
unexpectedly found a decrease in the concentration 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 
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changes. Thus, our findings may indicate an effect of methacholine challenge on the 
concentration of sputum ECP and the number of peripheral blood eosinophils. This may be 
relevant for clinical studies in which methacholine challenge, blood collection, and sputum 
induction are performed at the same visit. 

In our study, all subjects performed a PC20 AMP followed by sputum induction at the first 
visit, whereafter they were randomized to either methacholine provocation or baseline 
sputum induction at the second and the third visit. Thus, a point of criticism to our study 
design could be that an 'order of measurement bias' can not 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 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.35 In addition, no change in sputum cell 
differential counts could be observed in previous studies up to four hours after a 
provocation test with methacholine. 12'36 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 one 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 whole year and baseline FEV 1 %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.37•38 A possible explanation for this observation may be that the severity of 
asthma (i.e. the level of lung function and the extent and activation of airway inflammation) 
did not differ at baseline between patients with and without inhaled corticosteroids. It could 
be speculated that the pre-exisiting increased inflammatory activation state in those patients 
with inhaled 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 PC20 AMP, but not PC20 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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NO EFFECT OF AN A2A-AGONIST ON THE LATE ASTHMATIC RESPONSE 

ABSTRACT 

Introduction 

Adenosine receptor activation is suggested to play a role in asthmatic airway inflammation. 
A recent study in rats showed that treatment with an adenosine 2A receptor agonist inhibits 
the late asthmatic response. 

Aim 

To investigate whether treatment with an inhaled adenosine 2A agonist inhibits the late 
asthmatic response in human subjects with asthma. 

Methods 

1 5  non-smoking atopic asthmatics underwent an allergen challenge after one week twice 
daily treatment with either an inhaled adenosine 2A agonist (GW328267X) 25 J.Lg, 
fluticasone propionate 250 IJ.g, or placebo. Sputum cell counts, EG2+ cells, interleukin-8 
levels, and eosinophil cationic protein were assessed after 4 days of treatment and again on 
day 8 (approximately 24 hours after the last dose of medication and a subsequent inhaled 
allergen challenge). Exhaled nitric oxide was determined at baseline, and after four and 
seven days of treatment. 

Results 

No protective effect of the inhaled adenosine 2A agonist (GW328267X) against the late 
asthmatic response was found either in terms of the fall in forced expiratory volume in one 
second or in the inflammatory parameters tested. However, inhaled fluticasone propionate 
significantly attenuated the late asthmatic response with an accompanying 
anti-inflammatory effect on sputum eosinophils, eosinophilic cationic protein and exhaled 
NO. Surprisingly, fluticasone propionate also significantly increased sputum neutrophils 
after allergen challenge. 

Conclusions 

One week, twice daily treatment with the inhaled adenosine 2A agonist (GW328267X) at the 
dose given does not inhibit the allergen induced late asthmatic response nor the associated 
inflammatory response. 
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INTRODUCTION 

Asthma is a chronic inflammatory disorder characterized by recurrent episodes of 
symptoms of wheezing and chest tightness that are associated with variable airway 
obstruction and increased bronchial hyperresponsiveness. 1 It is now generally accepted that 
the main goal of asthma treatment is to improve airway wall inflammation as much as 
possible.

2;3 Thus, according to the present guidelines, inhaled corticosteroids (ICS) are 
introduced into the treatment of asthma when inhaled bronchodilators alone are inadequate 
to control signs and symptoms of the disease.

2 
ICS are the most powerful anti-inflammatory 

treatment currently available. However, despite their anti-inflammatory action they may not 
be fully effective in all asthmatics.3;4 Furthermore, chronic treatment with a high dose of 
ICS may cause local side effects (as well as dose dependent long-term side effects) in a 
subset ofpatients.3 Thus, there is a need for an alternative drug to treat asthma. 

Adenosine has been put forward to have important anti-inflammatory functions.5 Adenosine 
exerts its effects via activation of four different adenosine receptors. The effects of this 
activation of the different receptors are partially pro- and anti-inflammatory. A2A receptor 
activation reduces chemotaxis, activation, and degranulation of neutrophils, and suppresses 
the release oftryptase from mast cells in vitro in humans.6·8 In rats an A2A-agonist has been 
shown to effectively inhibit the late asthmatic response {LAR).9 

We hypothesized that inhalation of an A2A-agonist, which has currently been developed for 
human use, would have a similar inhibitory effect on the LAR in human subjects with 
asthma. To investigate this, we performed a double-blind, randomized, placebo and inhaled 
corticosteroid controlled, 3-way cross-over study in mild atopic asthmatic subjects. We 
assessed the effects of one week inhaled treatment twice daily with either an A2A-agonist 
(GW328267X) 25 jlg, fluticasone propionate 250 J1g, or placebo on the allergen-induced 
LAR. The LAR was assessed as the decline in FEV 1 as well as the accompanying increase 
in airway inflammation as demonstrated by the change in cell differentiation and predefined 
inflammatory mediators in induced sputum and blood. Attenuation of the LAR was the 
primary end point. Furthermore, the effect of treatment on exhaled nitric oxide ( eNO) was 
investigated. 

METHODS 

Patients 

Fifteen male patients were included if they met the following criteria: a diagnosis of asthma 
according to the ATS guidelines, 1 8-55 years old, non-smoking, FEV 1 2: 70 % predicted, 
PC20 histamine � 8 mg/ml, and at least one positive skin prick test for either house dust 
mite (HDM), cat, or timothee grass. 1

0 
Subjects only entered the study when they 

demonstrated at screening a LAR defined as a greater than 1 5% decrease in FEV 1 from 
baseline between 3 and 8 hours after allergen challenge. 1 1  The use of inhaled 
corticosteroids and oral corticosteroids was not allowed for four and eight weeks preceding 
the study, respectively. In addition, no other medication was allowed with the exception of 
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inhaled short-acting Bragonists if needed. All patients were required to have stable asthma 
for at least one month preceding and during the study. 

Study design 

This two-center study was set up as a randomized, double blind, placebo and inhaled 
corticosteroid controlled, 3-way cross-over study to investigate the effect of treatment with 
an A2A-agonist (GW328267X) on the LAR. Inhaled doses were administered twice daily 
for 6 days and once on the morning of day 7 by a four-place Diskhaler™ 

(GlaxoSmithKiine, Stevenage, United Kingdom). Each actuation contained either an A2A
agonist (25 J.lg GW328267X), fluticasone propionate 250 J.lg, or placebo (lactose powder). 
On the morning of day 7, the final dose was given 0.5 hour prior to the start of an allergen 
challenge. All patients had to demonstrate disease stability prior to commencing the first 
dose of medication in each treatment period, as defined by a PC10 histamine within 1 .5 
doubling doses from the individual screening values. The treatment periods were separated 
by two to three weeks. Sputum inductions were performed pre-dose at day 4 and 8, the 
latter being 24 hours after allergen challenge, and exhaled NO was measured pre-dose on 
treatment days I, 4, and 7. Blood pressure, heart rate, electrocardiograms and symptom 
registrations (diary card) were recorded to monitor the occurrence of side-effects induced 
by GW328267X at day 1 ,  4, and 7 prior to and after dosing. Finally, blood samples were 
obtained on day 1 and 7 of each treatment period prior to the dose and up to six hours after 
drug inhalation for the assessment of serum GW328267X concentrations. Blood was also 
collected for serum eosinophil cationic protein (ECP) up to 6 hrs with an additional time 
point at 24 hrs on day 7. The medical ethics committees of the University Medical Center 
Utrecht and the University Hospital Groningen approved the study and all patients gave 
their written informed consent. 

Histamine and allergen challenge 

We applied the standardized guidelines for histamine and allergen challenge by the two 
minutes tidal breathing method using a dry wedge spirometer (a mobile bi-directional 
digital spirometer; Sensorloop, SensorMedics Corporation, Yorba Linda, Ca, USA in center 
one, and a Jaeger Masterscope, Hoechberg, Germany in center two). 1 1  The nebuliser with 
an output of 0. 1 3  ml/min (model 646, Devilbiss Inc., Somerset, PA, USA) was calibrated 
once a week. Either house dust mite (dermatophagoides pteronyssinus), cat (felis catus), or 
timothee grass (phleum pratense) allergen (ALK Abello, Horsholm, Denmark) were used 
for the allergen inhalation provocation tests depending on the individual sensitivity of the 
subject as determined by skin-prick testing at screening. During screening the cumulative 
dose of allergen was determined to achieve > 15% fall in FEV 1 during the early asthmatic 
response (EAR) and a subsequent LAR of more than 1 5% from baseline FEV1 • The same 
cumulative dose was repeated in each treatment period. 

Sputum induction and processing 

Sputum was induced by inhalation of hypertonic saline aerosols as previously described. 12 

Fifteen minutes after salbutamol (200 J.lg) inhalation, hypertonic saline (4.5%) was 
nebulized three times during 5 minutes. Whole sputum samples were processed according 
to the method of Fahy and colleagues with some modifications. 13 Samples with 
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contamination of > 80% squamous cells were excluded from analyses. EG2 positive cells 
were counted on the cytospins. One investigator who was blinded to the type of challenge 
counted at least 600 non-squamous cells and counts were expressed as percentages. 

Biochemical assays 

The concentration of ECP in sputum fluid phase and blood were measured using a 
fluoroenzyme assay, the lmmunoCAP ECP (provided by Pharmacia, Uppsala, Sweden). 
The concentration of interleukin-8 (IL-8) in sputum fluid phase was measured by ELISA 
(CLB, Amsterdam). Immunohistochemical staining was performed on sputum cytospins by 
an antibody clone EG2 that binds to human eosinophil cationic protein (Van Kabi 
Pharmacia Diagnostics, Uppsala, Sweden) to determine the percentage of positive cells. 

Exhaled nitric oxide 

A calibrated chemiluminescence NO analyzer (center I :  type LR2500 Logan Research Ltd, 
Rochester, Kent, UK and center 2: Ecophysics, CLD 700 AL, Duernten, Switzerland) was 
used to measure exhaled nitric oxide (eNO) at an expiratory flow rate of 50 ml/sec 
according to the A TS standards at the same time of day for all treatment periods and 
expressed as parts per billion (ppb ). 14 The average of three acceptable measurements was 
recorded. The eNO recordings were always performed prior to the FEV 1 measurements. 

Statistical analysis 

Patient characteristics are presented as means with standard deviations with exception of 
the PC20 histamine, which was log transformed to normalize the distribution. Comparisons 
were performed by calculating the differences between each treatment period 
(GW328267X or fluticasone propionate) and placebo along with the associated 95% 
confidence interval (CI) between brackets. The EAR (0-2h) and LAR (3-8h) were 
expressed as the decline in FEV 1 in liters. They were analyzed by applying the weighed 
mean as derived from the area under the curve (AUC (EAR: 0-2h) and AUC (LAR: 3-8h) 
post allergen challenge, respectively) and the lowest (minimum) FEV1 during EAR and 
LAR using analysis of covariance (ANCOV A); a fixed effects model was employed using 
effects for period, treatment, and subject, with baseline FEV 1 at day 7 as the covariate. 
Analyses of differences of sputum inflammatory cells and inflammatory markers in sputum 
fluid phase (IL-8 and ECP), EG2 positive cells in sputum, serum ECP, and eNO between 
treatment periods are expressed in terms of the ratio of the least squares geometric means 
along with the associated 95% CI (GW328267X/placebo and fluticasone 
propionate/placebo). 

RESULTS 

Fifteen patients were included in the study and fourteen patients completed the study; 
baseline characteristics are presented in table 1 .  One patient complained of shortness of 
breath on the third day ofthe week with the active drug (GW328267X). This was graded as 
mild and lasted 8 days after the final dose and was a reason to discontinue treatment. This 
patient was excluded at the start of a second treatment period due to instability of the PC20 
histamine. Other than this isolated event, all treatments were generally well tolerated. The 
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phannacokinetic profile showed a rapid increase of GW328267X in the peripheral blood 
with a peak within 0.5 hours (tmax: 0.42 (0.25, 0.75) on day 1 and 0.25 hours (0.08-1 .00) 
on day 7). 

Table 1. Patient Characteristics 

n 
Age (years) 
FEV 1 (% predicted) 
PC20 Histamine (mg/ml)* 
Allergen** 
EAR(0-2 hours: % decline in FEV1 from baseline) 
LAR(3-8 hours: % decline in FEV1 from baseline) 

Mean ± SD 
1 5  
28 ± 12  
95 ± 1 3  
0.86 (0.7 - 2.3) 
10 H; 4 G; 1 C 
22 ± 4. 1 
30 ± 12 

*Geometric mean (95% CI) **Allergens used during challenges: H - House Dust Mite, G 
= grass, C = Cat. 

PC20 histamine data analyses 

Fourteen of the fifteen patients showed a stable PC20 histamine as defined within 1 .5 
doubling concentrations from screening values before the start of treatment on day one of 
each treatment period. Mean values for PC20 histamine were 0.93 mg/ml (0.66, 2.36) before 
the start of GW328267X treatment, 1 .02 mg/ml (0.24, 4.19) before the start of fluticasone 
propionate treatment, and 0.80 mg/ml (0.57, 2. 14) before the start of placebo treatment, 
respectively. 

Effects on FEV 1 during the early and late asthmatic response 

After one week treatment with the A2A-agonist (GW328267X) twice daily there was no 
significant change in the FEV 1 prior to the allergen challenge on day 7 when compared to 
placebo (FEV1 :  3 .87 liter and 3 .73 liter, respectively). In contrast, FEV 1 significantly 
increased after one week treatment with fluticasone propionate when compared to placebo. 
Treatment with the A2A-agonist (GW328267X) did not protect against the EAR or the LAR 
(LAR: minimum FEV1 :  -0.20 (95% CI: -0.57, 0 . 16)) liter and weighed mean FEV1 : -0. 14 
(95%CI: -0.44, 0. 15) liter) when compared to placebo, whereas a significant protective 
effect was demonstrated against both the EAR (minimum FEV1 : 0.86 (95%CI: 0.55, 1 . 1 6) 
liter and weighed mean FEV1 :  0.53 (95%CI: 0.30, 0.76) liter, respectively) and the LAR 
(minimum FEV1 :  1 . 1 9  (0.85, 1 .54) liter and weighed mean FEV1 :  0.85 (95%CI: 0.58, 1 . 13)  
liter, respectively) after fluticasone propionate treatment when compared to placebo (see 
figure 1 ). 
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Figure 1. Decrease in mean FEV1 after allergen challenge on day 7 of treatment with either an A2A-agonist 
(GW328267X), placebo or fluticasone propionate inhalations twice daily. No significant difference in 
effects between the A2A-agonist (GW328267X) and placebo was observed, whereas fluticasone 
propionate induced a significant inhibition of both the early and the late asthmatic response. 

Table 2. Sputum cell counts (%) on day 4 during treatment and 24 hours after allergen 
challenge on day 8. 

Total cells (x I 06) 
Macrophages, (%) 
Lymphocytes, (%) 
Neutrophils, (%) 
Eosinophils, (%) 

DAY 4 DAY S 
AlA-agonist Placebo 

4 (2 - 7) 3 (2 - 7) 
43 (2 - 57) 46 (3 1 - 66) 
I (I - 3) 2 ( 1 - 6) 
24 ( 1 3  - 43) 1 5  (5 - 44) 
5 (2 - 1 4) 5 (2 - 1 4) 

FP 

5 
52 
I 
1 4  
2 

(3 - 8) 
(36 - 76) 
(0 - 3) 
(4 - 46) 
(1 - 6)* 

A2A-agonist Placebo 

7 (4 - 1 3) 4 (2 - 8) 
29 (20 - 43) 29 ( 1 8 - 46) 
I (0 - 4) I ( 1 - 4) 
1 5  (5 - 45) 12  (3 - 52) 
27 (20 - 37) 1 4  ( 5  - 43) 

FP 

5 (3 - 1 2) 
14  (3 - 57) 
2 ( 1 - 6) 
35 (21 - 59)* 
4 (1 - 14)* 

Data expressed by geometric means (95%CI) for the AlA-agonist (GW328267X), placebo, and fluticasone propionate). 
•statistically different from placebo (see text for treatment difference). 

Effect on sputum cell differential counts 

The total and cell differential counts are listed in table 2. Treatment with the A2A agonist 
(GW328267X) did not significantly change sputum total or cell differential counts after 
four days treatment or 24 hours after allergen challenge (day 8) when compared to placebo. 
Although, treatment with fluticasone propionate did not significantly decrease the 
percentage of sputum eosinophils at treatment day four (ratio: 0.39 (95%CI: 0. 1 2, 1 .27); 
figure 2A), there was a significant inhibition of the increase in sputum eosinophils 24 hours 
after allergen challenge (ratio: 0.29 (95%CI:0.09, 0.96); figure 2B). In addition, the 
percentage of sputum neutrophils significantly increased 24 hours after allergen challenge 
(day 8) during fluticasone propionate treatment when compared with placebo (ratio: 3 . 14 
(95%CI: 1 . 1 7, 8.43); figure 3B); no difference was found 4 days after fluticasone propionate 
treatment (figure 3A). The other sputum cell differential counts on day 4 and 24 hours after 
allergen challenge (day 8) with either the A2A-agonist (GW328267X) or fluticasone 
propionate treatment were not different from placebo treatment. 
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Figure 2. A) Percentage of sputum eosinophils on day 4 during treatment with either the adenosine A2A-agonist 
(GW328267X), fluticasone propionate, or placebo treatment (geometric means and 95%CI). *Only 
fluticasone propionate demonstrated a significant difference compared to placebo (for details see text). 
B) Percentage of sputum eosinophils 24 hours after allergen challenge (day 8) after 8 days treatment 
with either the A2A-agonist (GW328267X), fluticasone propionate, or placebo (geometric means and 
CJ). Fluticasone propionate treatment significantly inhibited the increase in the percentage of 
eosinophils after allergen challenge (for details see text), whereas no difference was found between 
treatment with GW328267X and placebo. 

Day4 24 hours after allergen challenge (day 8) 

Figure 3. A) Percentage of sputum neutrophils on day 4 during treatment with either the adenosine A2A-agonist 
(GW328267X), fluticasone propionate, or placebo (geometric means and 95%CJ). B) Percentage of 
sputum neutrophils 24 hours after allergen challenge (day 8) after treatment with either the adenosine 
A1A-agonist (GW328267X), fluticasone propionate, or placebo (geometric means and CI). Fluticasone 
propionate treatment significantly increased the percentage of neutrophils compared to placebo (marked 
by *, for details see text}, whereas no difference was found between treatment with GW328267X and 
placebo. 

Effect on inflammatory markers in sputum and blood 

Table 3 presents the sputum inflammatory markers. No differences in the ratio of 
concentrations of sputum ECP, IL-8, and the number of EG2 positive cells were found 
between treatment with the A2A-agonist and placebo after 4 days treatment or 24 hours after 
allergen challenge (day 8). In contrast, fluticasone propionate significantly decreased the 
concentration of sputum ECP when compared to placebo 24 hours after allergen challenge, 
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whereas this effect was not significant on day 4 (ratios 0.480 (95%CI: 0.02, 1 .06) on day 4 
and 0.42 (95%CI: 0. 19, 0.92) on day 8). No differences in blood ECP concentrations after 
treatment with the A2A-agonist (GW328267X) or fluticasone propionate were found when 
compared to placebo. 

Effect on eNO measurements 

The mean values of the eNO concentrations are shown in figure 5. There were no 
significant differences in the ratio of eNO concentrations between the A2A-agonist 
(GW328267X) and placebo after 4 and 7 days treatment. However, there were significant 
decreases in the concentration of eNO after 4 and 7 days of treatment with fluticasone 
propionate compared with placebo (ratio on day 4: 0.56 (95%CI: 0.46, 0.67) and a ratio on 
day 7 :  0.41 (95%CI: 0.34, 0.49)). 

Table 3. ECP and IL-8 in the sputum fluid phase and EG2 positive cells at day 4 during 
treatment and 24 hours after allergen challenge on dal 8· 

DAY 4 DAY S 
AlA-agonist Placebo FP AlA-agonist Placebo FP 

ECP (ng/L) 65 74 40 1 54 106 50 
(33 - 1 28) (23 - 238) (21 - 76)* (50 - 469) (3 1 - 367) (19 - 1 32)* 

IL-8 (pg/L) 3867 5058 3669 4340 3 1 43 4 1 5 1  
(501 - 5978) (3249 - 7875) (2207 - 6099) (2372 - 7940) ( 1 1 34 - 871 0) (2237 - 7702) 

EG2+ (o/o) 3 2 I 7 6 5 
( 1 - 1 4) (0 - 1 2) (0 - 6) (2 - 33) (I - 34) ( 1 - 19) 

Data expressed by geometric means (95o/.Cl) for the A2A-agonist (GW328267X), placebo, and fluticasone 
propionate. *Statistically different from placebo (see text for treatment difference). 

DISCUSSION 

In this study, we found that treatment with an inhaled adenosine receptor (AhA-agonist 
(GW328267X, 25 f.lg twice daily) did not protect against the LAR, expressed as the decline 
in FEV 1 after allergen challenge or the accompanying increase in airway inflammation in 
asthmatic subjects, whereas fluticasone propionate did so as a positive control. 

It has been found that adenosine levels are elevated in bronchoalveolar lavage fluid and in 
exhaled breath of asthmatics and they increase even further after allergen challenge. 15- 17 
This raises the possibility that adenosine, once liberated in the asthmatic airways, could 
itself contribute to the pathophysiology of asthma. Adenosine may be involved in asthmatic 
airway inflammation by acting on four different adenosine receptors, the A 1, A2A, A28 and 
A3 receptors, respectively. 18; 19 These adenosine receptors have been put forward as a 
potential for a new therapeutic approach, since these receptors have been identified on 
many different inflammatory cells and their activation exert both pro- and anti
inflammatory actions. 19 The A2A receptor is of particular interest, as this receptor possesses 
anti-inflammatory activities, which may suggest a therapeutic role on the regulation of 
chronic inflammatory diseases like asthma. A2A receptors are cell surface G-protein coupled 
receptors that are supposed to downregulate inflammatory responses due the finding of the 
prolonged and higher pro-inflammatory cytokine levels present in A2A deficient mice.20 
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Figure 4. The mean (with standard error of the mean) exhaled nitric oxide concentration in parts per billion (ppb) 
during treatment with either an inhaled A2A-agonist (GW328267X), fluticasone propionate, or placebo 
on day I, day 4, and day 7. A significant decrease was observed after fluticasone propionate treatment 
on day 4, and on day 7. *significantly different compared to placebo. 

It has also been shown in rats that activation of T-lymphocytes, which plays a key role in 
the recruitment of leukocytes to the lung is suppressed by A2A receptor activation.

2 1 In 
addition, adenosine A2A receptor activation results in suppression of Fc&Rl-induced 
degranulation ofhuman mast cells and the secretion of iL- 12, a pro-inflammatory cytokine, 
from human monocytes. 8;

22 
Activation of adenosine A2A receptors also powerfully 

suppresses T -cell effector functions, neutrophil adherence to the endothelium, upregulation 
of integrins and activation/degranulation of neutrophils.6:2

3
"
27 Finally, it has recently been 

reported in an abstract that inhalation of adenosine results in a rapid (within one hour) 
increase in sputum eosinophils.Z8 This array of mechanisms led us to the hypothesize a 
beneficial anti-inflammatory effect of treatment with an inhaled A2A-agonist in asthma. 

Our results are in contrast with a previous study of Fozard and colleagues in rats. They 
found that treatment with a selective A2A-agonist (CGS2 1680) significantly inhibited the 
allergen induced late asthmatic response in sensitized Brown Norway rats.9 There are 
several possible explanations for this discrepancy. Firstly, the A2A-agonist we used 
(GW326287X) was not entirely selective for the A2A receptor, but also exhibits some 
inhibitory effect on the A3 receptor. It has recently been shown that inhibition of the A3 
receptor has a pro-inflammatory effect, since the A3 receptor mediates inhibition of 
eosinophil chemotaxis when activated and inhibits neutrophil degranulation induced by 
LPS or TNF-a. 18•

27;
29 Thus, the inhibitory effect of the drug on A3 receptors may have 

counteracted possible beneficial effects of A2A receptor activation. Secondly, it could be 
argued that the dose of the A2A-agonist we used (25 f.lg, twice daily by inhalation) has been 
below the efficacy level either because of a too low dose, or a too short duration of therapy. 
We deliberately chose a dose of25 f.lg GW328267X twice daily, since it was found in mice 
and in previous studies in healthy non-asthmatic subjects that side effects, i.e. an increase in 
heart rate and decrease of blood pressure, may occur when higher doses of GW328267X 
are given (unpublished data). These side effects may be explained by the large tissue 
distribution of A2A receptors in other cell systems besides inflammatory cells including the 
heart muscles, coronary arteries, smooth muscle cells, platelets and neuronal cells. 19'23 

Finally, the contradiction between the study ofFozard and colleagues in rats and our study 
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in humans may be due to differences in the distribution and pharmacological profile of the 
adenosine receptor subtypes between rats and humans. Insufficient work on adenosine 
receptor distribution in humans has so far been done. Therefore, the relevance of studies 
with adenosine receptor agonists or antagonists in rats to the clinical human situation is not 
yet entirely clear. 5 

We have chosen to investigate the effect of the A2A-agonist GW328267X on the inhaled 
allergen response and we have analyzed 1 5  patients for this purpose. We feel confident that 
the sample size was appropriate, since it has been shown that inclusion of 12  patients is 
already adequate to reliably demonstrate SO% attenuation of the LAR with > 90% power.30 

In agreement with this, we were able to demonstrate a significant attenuation of the LAR 
after one week treatment with fluticasone propionate 250 �g twice daily. Does a lack of any 
effect on the allergen-induced late bronchoconstrictory or inflammatory response preclude 
an effective anti-allergic or anti-inflammatory drug? We are unaware of any such drug 
making it into clinical medicine, having failed to attenuate the LAR, and we therefore think 
it is unlikely that A2A receptor agonism by GW328267X at a dose of25 �g twice daily, will 
prove to be effective asthma therapy. 

Finally, a surprising finding in our study was that the percentage of sputum neutrophils 
after allergen challenge was higher after one week treatment with inhaled fluticasone 
propionate when compared to placebo. The increase in neutrophils after fluticasone 
propionate may be explained by a reduced apoptosis or alternatively by an enhanced 
recruitment to the airways after allergen challenge as we found no increase in sputum 
neutrophils after 4 days treatment prior to allergen challenge.3 1 In this context, the findings 
of Jatakanon and colleagues are of interest.32 They showed that patients with a more severe 
asthma had higher numbers of sputum neutrophils in their sputum and therefore they 
suggested that neutrophils contribute to asthma severity. Taken together with our findings, 
it now becomes tempting to speculate that the observations of Jatakanon and colleagues 
could be explained by the fact that with more severe asthma higher doses of inhaled 
corticosteroids were being used. 

In conclusion, we have investigated the clinical consequences of activation of the adenosine 
2A receptor and we could not demonstrate any beneficial effect on the EAR, and the LAR, 
and the associated increase in airway inflammation. Despite our negative results with the 
inhaled A2A-agonist GW328267X at a dose of 25 �g twice daily for one week, we feel that 
the role of adenosine and adenosine receptors in asthma deserves further study. It is well 
possible that modulation of adenosine receptor subtypes will have therapeutic implications 
in asthma. 
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ALTERED �2-ADRENERGIC CONTROL OF T CELLS IN ASTHMA 

ABSTRACT 

Introduction 

Allergen-induced airway inflammation in asthma is orchestrated by recruitment of Th2 
lymphocytes into lung tissue and production of Th2-like cytokines. We hypothesized that 
allergen challenge-induced dysfunction of the �2-adrenergic receptor contributes to 
enhanced Th2 activity in asthma. 

Methods 

�radrenergic regulation of cytokine mRNA expression was studied in activated peripheral 
blood lymphocytes from 7 asthmatic subjects before and 6 hours after allergen challenge. In 
addition, we studied the effect of fenoterol on T cell chemotaxis and signaling pathways. 

Results 

After allergen challenge, a complete loss of �2-adrenergic control over the Th2 cytokines 
interleukin-4 (IL-4), IL-5 and IL-13,  but not the Thl cytokine IFN-y, was observed. We 
further found impaired �2-adrenergic regulation of T cell migration and signaling pathways, 
i.e. activation of cAMP responsive element binding protein (CREB) and the mitogen
activated protein kinase (MAPK) pathway. The loss of �radrenergic control was associated 
with an increased �ARK expression, which might be involved in �radrenergic 
desensitization. In addition, we demonstrate for the first time that T cells exposed to T ARC 
show hyporesponsiveness to fenoterol. 

Conclusions 

Our results suggest that the allergen-induced loss of �2-adrenergic control, possibly induced 
by chemokine release, may play an important role in enhanced T cell activity in asthma. 
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INTRODUCTION 

Atopic asthma is a complex disorder characterized by allergen induced airway 
inflammation with associated eosinophilia, bronchoconstriction, airway wall edema and 
bronchial hyperresponsiveness. 1'3 Infiltrating T lymphocytes are thought to orchestrate the 
immune response associated with asthma by the production of Th2-like cytokines, e.g. 
interleukin-4 (IL-4), IL-5 and IL-13 .  Enhanced expression of these cytokines has been 
observed in bronchoalveolar lavage (BAL) and bronchial biopsies from subjects with 
asthma.4-6 After allergen challenge, T cell activity increases, as reflected by further 
upregulation of Th2 cytokines, enhanced expression of activation markers and migration of 
T cells into lung tissue.7'1 1  Virtually all IL4+ T helper cells that enter the lung upon allergen 
challenge have been described to express the C-C chemokine receptor CCR4.12• 13 The 
production of one of the ligands for CCR4, i.e. T ARC, is enhanced in bronchial tissue after 
allergen challenge and may thus be responsible for the attraction of T cells. 12' 14 CCR4 is 
preferentially expressed on Th2 cells, suggesting that primarily Th2-like T cells infiltrate 
lung tissue upon allergen challenge. 16 Until now, the mechanisms responsible for the 
enhanced Th2-type activity in asthma are poorly understood. 

Hyporesponsiveness of the �radrenergic receptor is a characteristic feature of asthma. The 
�2-adrenergic system can suppress inflammatory activity by the activation of the G5-
coupled adenylyl cyclase (AC) system and the subsequent rise in intracellular cAMP. 16• 17 
T cell-mediated responses can be controlled by cAMP through inhibition of both Thl and 
Th2 cytokines, although the ultimate effect of cAMP on Th2 cytokines is dependent on the 
activation state of the T cell and presence of costimulatory signals. 18' 19 The importance of 
the �radrenergic/AC system in asthma was first demonstrated by the observation that 
asthma-like phenotypes (e.g. bronchial hyperresponsiveness and eosinophilia) develop in 
mice and rats when the �-adrenergic system is defect.2° Furthermore, �z-adrenergic 
hyporesponsiveness induced by regular treatment with �ragonists increases the sensitivity 
to allergens in subjects with asthma.2 1 Therefore, dysfunction of the �z-adrenergic receptor 
may have important implications for airway inflammation. 

Allergen induced dysfunction of the �2-adrenergic system has been observed in peripheral 
blood lymphocytes within a few hours after allergen challenge. 22'23 This �2-adrenergic 
dysfunction may contribute to the increased T cell activity as observed in asthma. Since the 
infiltration of activated T cells is thought to occur within 24 hours after allergen challenge, 
we studied �2-adrenergic regulation of T cell activity 6 hours after allergen challenge. We 
demonstrate that �radrenergic control over Th2 cytokine production, T cell chemotaxis 
and signaling pathways is completely abolished after allergen challenge and we discuss the 
possible underlying mechanism. 

MATERIAL AND METHODS 

Subjects 

Seven patients with a diagnosis of asthma, 1 8-45 years, were included on the basis of a late 
obstructive airway response after inhalation of house dust mite (HDM), cat or grass (forced 
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expiratory volwne in one second (FEV1) during the late asthmatic response (LAR) < 1 5% 
from baseline), a provocative concentration of histamine causing 20% fall in FEV 1 from the 
predicted FEV1 value (PC20) < 8mg/ml and at least one positive skin prick test (for clinical 
characteristics see table 1 ). Patients did not receive oral corticosteroids the preceding two 
months, nor did they experience respiratory tract infections or acute asthmatic attacks 
within 4 weeks prior to the start of the study. In addition, no anti-allergic medication was 
allowed for 4 weeks preceding the study. All patients were required to have stable asthma 
for at least one month preceding the study. None of the patients were smokers. The Medical 
Ethics Committee ofthe University Hospital ofGroningen approved the study. 

Study design 

Blood samples were taken on two subsequent days at similar time points, on the control day 
and the day of allergen challenge. Allergen provocation took place as described by Aalbers 
and colleagues.Z4 Blood samples were taken six hours after the induction of an early 
obstructive reaction, as determined by at least a 20% fall in FEV 1 within the first hour after 
allergen challenge. 

Cell cultures, cytokines and reagentia 

Peripheral blood mononuclear cells (PBMC's) from asthmatic subjects or healthy donors 
were isolated by Ficoii-Hypaque (Lymphoprep; Nycomed, Oslo, Norway) density-gradient 
centrifugation. T cells were isolated by rosetting with 2-aminoethylisothioroniwn bromide 
(AET) treated sheep red blood cells (SRBC), as described before. 1 8 After isolation, the 
PBMC's or T cells were incubated for 30 min at 37°C in RPMI 1 640 (BioWhittaker, 
Verviers, Belgiwn) containing 0.5%, 1%, or 5% fetal calf serum (FCS, Hyclone, Logan, 
UT, USA), supplemented with 1 00 U/ml penicillin and 1 00 f.Lg/ml streptomycin. T cell
specific stimulation with a.-CD3 and a.-CD28 (50 fll/min) was used to induce cytokine 
expression. Fenoterol (Sigma, St. Louis, MO, USA), PGE2 (Sigma) and sodiwn fluoride 
(Sigma) were used in a concentration of 1 0  f.LM, 1 00 nM, and 1 0  mM, respectively. TARC 
(R&D systems, ITK diagnostics, Uithoom, the Netherlands) was used in a concentration of 
1 00 ng/ml. 

Measurement of cytokine mRNA expression by LigbtCycler PCR 

3 x 1 06/ml PBMC's were stimulated with a.-CD3/a.-CD28 during 5 hours, in presence and 
absence of fenoterol and PGE2• RNA was isolated using the TRizol method (GibcoBRL, 
Burlington, Ontario, Canada) and eDNA was synthesized as described before.27 Expression 
of cytokine mRNA was analyzed by quantitative realtime-PCR using the LightCycler 
system (Roche, Basel, Switzerland) system. Two fll Faststart DNA SybrGreen I mix 
(Roche), 2mM MgCiz, 0.5 f.LM of forward and reverse primer and 2 fll eDNA were used. 
The threshold cycle (Ct) of the a.-CD3/a.-CD28-stimulated PBMC's in presence of 
fenoterol or PGE2 was compared to the Ct generated by a reference sample (the a.-CD3/a.
CD28 stimulated PBMC). Cytokine gene expression was normalized to expression of the 
housekeeping gene Prmicroglobulin (P2f.lG), with approximately equal amplification 
efficiency. The ilCt was calculated as the difference between the Ct values, determined 
using the equation 2·1.\Ct. The specific primer pairs for P2flG, IL-4, IL-5, IL-1 3  and IFN-y 
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were obtained from Biolegio BV (Malden, the Netherlands). PCR conditions were a 
denaturation step at 94°C for 10  min followed by 40 cycles of 94°C, 1 0  s; 58°C, lOs; 72°C, 
20 s. 

Migration assay 

The migration assay was performed using a transwell system with 5 11M pores (Corning 
Costar Incorporated, New York, MA, USA). 2 x 105 T cells were applied to the upper well 
of the transwell system. Migration was induced by T ARC present in the lower well. T cells 
were allowed to migrate to the lower well for 2 hours, in presence and absence of fenoterol 
( 10  f.LM) added to the upper well. The upper well was removed and the T cells in the lower 
well were counted and expressed as percentage of the total amount of T cells added to the 
upper well. 

Immunodetection by western blotting 

Phosphorylation of cAMP responsive element binding protein (CREB) and extracellular 
signal-regulated kinase (ERK) and expression of J3ARK were analyzed by western blotting. 
Cells were stimulated with or without fenoterol, PGE2 or NaF for 60 minutes. In healthy 
donors, cells were incubated with or without T ARC ( 100 ng/ml) for 6 or 12  hours prior to 
stimulation. Total cell lysates were prepared, separated by SDS- 1 0% PAGE and transferred 
to a nitrocellulose membrane. The immunodetection of phospho-CREB, phospho-ERK 
(New England Biolabs, Hitchin, Herts, UK), pan-ERK and actin (Santa Cruz 
Biotechnology, Santa Cruz, CA, USA) was performed according to the manufacturer's 
guidelines (ECL, Amersham, Buckinghamshire, UK). Relative protein levels were 
quantified using the gelscan program ImageMaster (Pharmacia, Uppsala, Sweden). 

Measurement of IL-5 protein 

Freshly isolated T cells (3 x 1 06) were preincubated with or without T ARC (1 00 ng/ml) for 
12  hours and stimulated with a-CD3/a-CD28 during 8 hours. Fenoterol ( 10  f.LM) was added 
prior to stimulation. IL-5 protein was measured in cell-free supernatants, using enzyme 
linked immunosorbent assay (ELISA), performed as previously described by Hoekstra et 
a1.

26 

Statistical analysis 

For mRNA measurements, migration of T cells and relative protein levels detected by 
immunoblotting, statisical analysis was performed using the Wilcoxon's signed rank test 
for paired observations. Statistical significance of the secretion data was set at p < 0.05. 
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RESULTS 

lh-adrenergic control over Th2 cytokines, but not the Thl cytokine IFN-y, is abolished 
after allergen challenge 

We have investigated the �radrenergic control over Th2 cytokines and the Th1 cytokine 
IFN-y before and after allergen challenge in 7 asthmatic subjects (baseline characteristics 
are presented in table 1 ). The expression of IFN-y induced by u-CD3/u-CD28 was not 
significantly different between PBMC's isolated on the control day and after allergen 
challenge. On the control day, 10  �M fenoterol exerted a strong inhibitory effect on 
u-CD3/u-CD28-induced mRNA expression of IFN-y (figure I ,  median 43% ± 14%). Six 
hours after inhalation of the allergen, the production of IFN-y was still under strict control 
of fenoterol (median inhibition from 1 00% to 40 ± 10%), the inhibitory effects being not 
significantly altered. 

Table 1. Clinical characteristics of the asthmatic subjects included in our study. 

Patient Gender Age FEVI FEVI (I) FEVI (I) PC20 histamine allergen 
(yrs) %pred t=O t = 6  mglml 

1 m 54 104 3.57 2.62 4.84 grass 
2 m 38 73 3 .34 2.04 0.22 HDM 
3 m 19  105 3.90 2 . 17  1 .84 HDM 
4 m 42 83 3.32 2.48 0.37 cat 
5 m 21  8 1  3 .80 2.42 0.57 HDM 
6 m 27 1 00 4.85 2.41 1 .67 HDM 
7 m 1 8  1 1 5 4.02 2.88 1 .8 1  HDM 
FEV1 o/opred: predicted value of FEV1• FEV1 t = 0: FEV1 on the control day. FEV1 t - 6: FEV1 6 hours after 
allergen challenge. HDM: house dust mite. 

Similarly to IFN-y, no significant change could be observed in the u-CD3/u-CD28-induced 
expression of Th2 cytokines after allergen challenge, although the expression of IL-4 (but 
not IL-5 or IL-13) tended to be upregulated ( 1 .4 ± 0.5 fold induction, p = 0. 1 1 ). In contrast 
to IFN-y, �2-adrenergic regulation of Th2-type cytokines was significantly altered after 
allergen challenge. Before allergen challenge, fenoterol modestly but significantly inhibited 
IL-4, IL-5 and IL-13  mRNA expression (median from 82 ± 1 0%, 75 ± 15% and 70 ± 24% 
respectively, figure 1 ). Allergen inhalation induced a complete loss of �radrenergic control 
over Th2 cytokine expression. As shown in figure 1 ,  IL-4, IL-5 and IL-13  expressions were 
no longer significantly inhibited by fenoterol (median 104 ± 54%, 12 1  ± 45% and 120 ± 
32%, respectively) and in some patients, even an upregulatory effect could be observed. In 
contrast to fenoterol, the effect of PGE2 on IL-4, IL-5 and IL- 13 as well as IFN-y 
expression was not significantly altered upon allergen challenge, indicating that the 
allergen-induced changes in Th2 cytokine regulation are specific for �radrenergic function. 
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The lh-adrenergic system controls chemotactic activity in healthy controls and stable 
asthma 

Since little information is available about �radrenergic regulation of T cell migration, this 
was first studied in freshly isolated T cells from healthy controls. Because of its 
implications in asthma, we used the chemokine TARC to induce T cell migration. As 
demonstrated in figure 3A, some spontaneous migration was found (2.4 ± 0.7% of the total 
number of T cells, n = 6). The amount of T cells migrating to the lower well was 
significantly enhanced by the addition of T ARC, with a maximal response at 1 00 ng/ml 
(figure 3A). The addition of fenoterol ( 10  J.lM) significantly inhibited the TARC-induced T 
cell migration, by approximately 40%. The effect of fenoterol on T cell migration was 
examined in two subjects with asthma, before and 6 hours after allergen challenge. Before 
challenge, similar results were obtained compared to healthy donors, i.e. TARC induced an 
approximately two-fold increase in T cell migration, which was inhibited by fenoterol 
(figure 3B). After allergen challenge, �radrenergic control over T cell migration was 
abolished, indicating that the loss of �radrenergic control is not specific for Th2 cytokine 
production. 
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Figure I. The inhibitory effect of fenoterol on the expression of Th2 (IL-4, IL-5 and IL-13) cytokines, but not 

Thl cytokine lFN-y, is completely abolished after allergen challenge. PBMC's were isolated from 7 
asthmatic subjects before (control day) and 6 hours after allergen challenge and stimulated with a
CD3/a-CD28 for 5 hours. Prior to stimulation, 10 J.lm fenoterol was added. Cytokine mRNA levels are 
expressed as percentage of the secretion after stimulation with a-CD3/a-CD28 in absence of fenoterol, 
both before and after allergen challenge. • = p < 0.05 and •• m p < 0.0 I between the indicated values. 
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Impaired CREB phosphorylation by /32-adrenergic stimulation after allergen 
challenge 

To investigate whether the reduced sensitivity to fenoterol was caused by the inability to 
activate the AC/cAMP system, we studied the activation of cAMP downstream effector 
CREB. In PBMC's derived on the control day, fenoterol induced an increase in the 
phosphorylation of CREB, which was observed for each patient (figure 4). However, the 
ability of fenoterol to induce CREB phosphorylation was impaired in PBMC's isolated 6 
hours after allergen challenge.In some patients, the induction of CREB phosphorylation 
was reduced, while in others no induction of CREB phosphorylation could be observed at 
all. In contrast, both PGE2 and direct activation of the G protein by NaF induced a strong, 
significant increase in CREB phosphorylation after challenge (figure 4), suggesting a defect 
in the /32-adrenergic receptor. 

Impaired regulation of ERK activity by /32-agonist fen otero I after allergen challenge 

Th2-like cytokines, which are unlikely regulated by CREB, may be regulated by the 
interference of cAMP with other pathways. An important pathway in T cell activation that 
is controlled by cAMP is the Ras/Raf/ERK pathway.Z7 cAMP can inhibit this pathway, 
whereas the desensitized /32-adrenergic receptor may activate this pathway.28 We studied 
the effect of fenoterol on ERK activation before and after allergen challenge. Figure 5 
demonstrates an inhibitory effect of fenoterol on ERK phosphorylation in PBMC's isolated 
on the control day. After allergen challenge, the inhibitory effect was abolished and in some 
patients ERK activation was even slightly upregulated. This further illustrates altered J3r 
adrenergic functionality. 
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Figure 2. A) The migration of T cells in response to T ARC is inhibited by fenoterol. Migration was induced by 
T ARC, in the presence and absence of fenoterol. Migrating T cells are expressed as percentage of the 
total amount of T cells added to the upper well (x ± SEM, n"' 7). • - p < 0.05 and •• = p < 0.01 
between the indicated values. B) The inhibitory effect of fenoterol over T cell migration is reduced 
after allergen challenge. T cells isolated from two asthmatic subjects before (control day) and 6 
hours after allergen challenge were used. Migration was induced by T ARC, in the presence and absence 
of fenoterol. T cell migration is expressed as percentage of the total amount of T cells added to the 
upper well. Experiments were carried out in duplicate and means ± SEM are shown. 
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Figure 3. Impaired induction of CREB phosphorylation by fenoterol, but not PGE2 and NaF, after allergen 
challenge. PBMC's isolated from asthmatic subjects before (control day) and 6 hours after allergen 
challenge were stimulated with fenoterol, PGE2 or NaF for 60 minutes. Total cell lysates were prepared 
and phosphorylated CREB was detected by western blotting. Phospho-CREB is depicted in the upper 
panel and total protein levels (actin) are shown in the lower panel (marked by arrows). A representative 
blot is shown. The phospho-CREB levels were normalized for actin and mean relative phospho-CREB 
values ± SEM of seven asthmatic subjects are depicted in the corresponding diagram. • - p < 0.05 
between the indicated values 

Upregulation of J3ARK2 expression after allergen challenge 

The G protein-coupled receptor kinase (GRK) PARK is involved in agonist-induced J32-
adrenergic phosphorylation and desensitization, which is enhanced when J3ARK is 
overexpressed.28"3

2 
To study if J3ARK. upregulation could play a role in allergen-induced J3r 

adrenergic desensitization, the protein levels of J3ARK2 (GRK3) were analyzed before and 
6 hours after an allergen challenge. Interestingly, the expression of J3ARK2 significantly 
increased about a two-fold after allergen challenge (figure 6A, a representative blot and the 
mean density ± SEM of seven separate experiments in different patients is shown). This 
enhanced expression of J3ARK might contribute to the J3radrenergic hyporesponsiveness. 

Activation of chemokine receptor CCR4 by T ARC induces J32-adrenergic 
hypo responsiveness 

Because activation of the G, protein is known to counteract the effects of G, signaling, we 
hypothesized that the activation of Gi coupled chemokine receptors might be involved in 
the reduced J3radrenergic responsiveness. We used TARC to induce CCR4 activation and 
studied the effect on J3radrenergic function and J3ARK. expression in T cells obtained from 
healthy donors. T cells incubated with TARC for 12  hours show stronger J3ARK2 
expression compared to T cells incubated without TARC (figure 7A). In addition, 
incubation with T ARC reduced the capacity of the J32-agonist fenoterol to induce CREB 
phosphorylation (figure 7B). This effect was already observed after 6 hours, but more 
pronounced after 12  hours of preincubation with TARC. Likewise, preincubation with 
TARC ( 12  hours) reduced the capacity of fenoterol to control the secretion of the Th2 
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cytokine IL-5 (figure 7C), while the Thl cytokine IFN-y was still strongly inhibited (by 
approximately 70%, p = 0.01 ,  data not shown). Thus, TARC appears to induce �z
adrenergic hyporesponsiveness and �ARK upregulation, similar to the allergen inhalation 
in asthma. 
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Figure 4. The inhibitory effect of fenoterol on the phoshorylation of ERK-1 /2 is abolished after allergen 
challenge. PBMC's from asthmatic subjects isolated before (control day) and 6 hours after allergen 
challenge were incubated with fenoterol for 60 minutes. Total cell lysates were prepared and 
phosphorylated ERK was detected by western blotting. Phospo-ERK is depicted in the upper panel and 
total protein levels (ERK) are shown in the lower panel (marked by arrows). A representative blot is 
shown. The phospho-ERK levels were normalized for actin and mean relative phospho-ERK values ± 
SEM of five asthmatic subjects are depicted in the corresponding diagram. * - p < 0.05 between the 
indicated values. 
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Figure 5. Expression of j3ARK is enhanced after allergen challenge. Total cell lysates were prepared from 
PBMC's isolated before (control day) and 6 hours after allergen challenge and expression of 
j3ARK (GRK3) was analyzed by western blotting. j3ARK is depicted in the upper panel and actin is 
depicted in the lower panel. A representative blot is shown. The j3ARK levels were normalized for actin 
and mean relative j3ARK values ± SEM of 7 asthmatic subjects are depicted in the corresponding 
diagram.* = p < 0.05 between the indicated values. 
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Figure 6. A) Expression of PARK is enhanced in T cells exposed to TARC. T cells isolated from healthy 
donors were incubated with or without TARC for 12 hours. Total cell lysates were prepared and 
expression of PARK (GRK3) was analyzed by western blotting. PARK is depicted in the upper panel 
and total ERK is depicted in the lower panel. A representative blot of three independent experiments is 
shown. B) Impaired induction of CREB phosphorylation by fenoterol after preincubation with T ARC. T 
cells were isolated from healthy donors, preincubated with or without T ARC for I 2 hours and 
stimulated with fenoterol for 60 minutes. Total cell lysates were prepared and phosphorylated CREB 
was detected by western blotting. Phospho-CREB is depicted in the upper panel and total ERK levels 
are shown in the lower panel (marked by arrows). A representative blot of five independent experiments 
is shown. C) The inhibitory effect of fenoterol on IL-5 production is abolished after preincubation with 
TARC. T cells isolated from healthy donors were preincubated for 1 2  hours in absence and presence of 
T ARC. T cells were subsequently stimulated with a-CD3/a-CD28 for 8 hours in absence and presence 
of fenoterol. IL-5 protein levels are expressed as percentage (x ± SEM, n = 8) of the secretion after 
stimulation. * = p < 0.05 for the cytokine secretion levels after preincubation with fenoterol compared to 
the level without (C). 

DISCUSSION 

An allergen-induced bronchoconstrictive reaction in asthma is associated with enhanced T 
cell activity.7-1 1  Nonnally, the Pradrenergic system is thought to suppress T cell-mediated 
inflammation. In the present study, we show that allergen inhalation induces a loss of Pr 
adrenergic control over the activity of T cells, leading to an enhanced activation profile. 
While the P2-agonist fenoterol exerted inhibitory effects on both Thl-like and Th2-like 
cytokines in stable asthma, Th2 cytokines were no longer inhibited after allergen challenge, 
whereas the control over Th 1 cytokine IFN-y remained. This may thus favor Th2 activity at 
the sites of allergen-induced inflammation, where T cell cytokine production is induced. In 
addition to Th2 cytokines, we observed that the inhibitory effect of fenoterol on T cell 
chemotaxis is abolished upon allergen challenge in subjects with asthma. Thus, allergen
induced desensitization of the P2-adrenergic system may facilitate infiltration of T cells into 
lung tissue. The reduced sensitivity of T cells to fenoterol appears to be a consequence of 
impaired activation of the cAMP dependent pathway. The associated upregulation in PARK 

127 



ALTERED �rADRENERGIC CONTROL OF T CELLS IN ASTHMA 

expression may be one of the mechanisms involved in allergen-induced �radrenergic 
desensitization. Our findings may explain why airway inflammation in asthma cannot be 
suppressed by the treatment with �2-agonists and why �radrenergic desensitization 'in 
vivo' upon regular use of �2-agonists renders airways more sensitive to allergen.2 1 

Previously, it has been demonstrated that allergen challenge induces impaired AC activity 
in response to �ragonists. This was observed in lymphocytes from subjects with asthma, 
but not from healthy controls. 22 Furthermore, obstructive reactions caused by histamine 
inhalation did not impair �z-adrenergic function, indicating that the release of inflammatory 
mediators during the allergic reaction is responsible for the �2-adrenergic dysfunction.33 
There are no indications for enhanced levels of epinephrine after allergen challenge in 
asthma, suggesting the involvement of heterologous factors.34 

Our findings concerning CREB indicate that the reduced sensitivity of T cells to the �2-
agonist fenoterol is a consequence of impaired activation of the cAMP-dependent pathway, 
specific for the �2-adrenergic receptor. Activation of the G5 protein/AC coupled PGE2 
receptor and direct activation of the G protein by NaF still clearly induced CREB 
phosphorylation after allergen challenge. Thus coupling of the �radrenergic receptor to the 
Gs protein/AC system might be reduced. A well-known mechanism involved in the 
desensitization of the �2-adrenergic receptor is the activation of the G protein-coupled 
receptor kinase (GRK) �ARK.29'31 �ARK phosphorylates the �z-adrenergic receptor and 
enables its binding to �-arrestin, which prevents coupling of the receptor to the G, 
protein.28•30•32 Overexpression of �ARK promotes agonist-induced phosphorylation of the 
�z-adrenergic receptor. 30 A �ARK mediated mechanism may be involved in the allergen
induced �2-adrenergic dysregulation, since we observed that the that the �ARK expression 
was increased upon allergen challenge. Instead of activation of the AC/cAMP pathway 
coupling of the �z-adrenergic receptor to �-arrestin has been described to induce a new set 
of signaling events, including activation of the MAPK pathway. 28 Indeed, we found that the 
inhibitory effect of fenoterol on ERK activation, was abrogated after allergen challenge and 
in some patients we even observed induction of the MAPKIERK pathway. This might lead 
to a more activated state of T cells and contribute to the upregulation of Th2 cytokines as 
observed in some patients. 

In a previous study, loss of �2-adrenergic control over both IFN-y and IL-5 has been 
observed 24 hours after allergen challenge.35 This is possibly the result of further 
downregulation of �radrenergic function or downregulation in another T cell subset. In 
contrast to Th2 cytokines, we found that IFN-y expression remained inhibited by fenoterol 
after allergen challenge. Since the production of IFN-y appears to be more sensitive to 
cAMP than Th2 cytokines, the resting activity of the desensitized �2-adrenergic AC/cAMP 
system might still be able to efficiently inhibit IFN-y. Another explanation for the 
differential effect on Thl and Th2 cytokines might be that �2-adrenergic desensitization 
predominantly occurs in Th2-like cells. Since virtually all T cells that enter lung tissue after 
allergen challenge have been demonstrated to express the Th2 specific chemokine receptor 
CCR4, it is tempting to speculate that particularly these cells loose their negative feedback 
control. TARC is one of the ligands for CCR4 and the release of T ARC into the circulation 
may be responsible for the attraction of peripheral T cells to the lung after allergen 
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challenge. 12" 14 Most chemokines induce migration through the activation of the receptor
associated G; protein. The activation of G;-coupled receptors is known to counteract the 
effects of G5 activation and may induce I3ARK-mediated desensitization of G protein
coupled receptors.36"38 

We found that 'in vitro' preincubation with T ARC induced 132-adrenergic 
hyporesponsiveness in T cells from healthy donors, with similar alterations as observed in 
subjects with asthma. Since T cell migration was inhibited by fenoterol, the T ARC-induced 
13radrenergic desensitization might facilitate the migration of CCR4+ cells. Thus, upon the 
allergen-induced release of T ARC, peripheral CCR4+ T cells may change their 13r 
adrenergic regulation. As a consequence, the impaired negative feedback control may lead 
to enhanced activity of the T cells that enter the inflamed tissue. 

In summary, our data demonstrate a loss of 13radrenergic control in peripheral blood 
lymphocytes 6 hours after allergen challenge. This impaired 13radrenergic function is 
reflected by a loss of control over T ARC-induced T cell migration and Th2 cytokine 
expression, but not Th 1 cytokine expression. The loss of 132-adrenergic control may 
promote T cell-mediated inflammation and contribute to enhanced Th2-Iike activity after 
allergen challenge in asthma. 
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SUMMARY 

Bronchial hyperresponsiveness (BHR) and airway inflammation are both characteristic 
features of asthma. Although methacholine and histamine have become golden standards to 
assess BHR, an additional level of complexity has been uncovered by using a wide range of 
indirect stimuli, including Adenosine 5 '-Monophosphate (AMP), that elicit 
bronchoconstriction through the release of spasmogens. Once inhaled, AMP is rapidly 
converted to adenosine by the ubiquitous enzyme 5 '-nucleotidase. A major action of AMP 
appears to involve the release of histamine and other mediators from immunologically 
primed mast cells, since AMP-induced bronchoconstriction is associated with a rise of 
histamine in plasma and bronchoalveolar lavage fluid. 1 Moreover, responsiveness to AMP 
is inhibited for more than 80% by pretreatment with antihistamines in asthma.2·3 In chapter 
2, we have extensively reviewed the role of a provocation test with AMP in asthma and 
COPD. 

The association between airway inflammation and direct bronchial hyperresponsiveness has 
been the subject of much controversy with almost as many negative as positive reports in 
the literature.4-7 Interestingly, it has been suggested that the severity of PC20 AMP is more 
closely associated with airway inflammation than the severity of PC20 methacholine, since 
it has been shown that the PC20 AMP improves after a stay of one month in a 
hypoallergenic environment at high altitude (Switzerland, Davos), whereas PC20 
methacholine remains stable. However, thus far, the association between the severity of 
PC20 AMP and the extent of airway inflammation has not been directly investigated in the 
sense of actually collecting data on inflammation in sputum or airway wall biopsies. In 
chapter 3, we have investigated whether the direct association between bronchial 
hyperresponsiveness and airway inflammation is different for AMP than for methacholine. 
To this end, we tapered down inhaled corticosteroids in a large group of 1 20 asthmatic 
subjects. Thereafter, we assessed the relationship between PC20 methacholine as well as 
PC20 AMP with FEV 1 %predicted and inflammatory markers in sputum, blood and exhaled 
air. When applying multiple regression analysis, we found a dichotomy in the factors 
explaining the level of PC20 methacholine and PC20 AMP. The FEV1 was the most 
important explanatory variable for the variation in PC20 methacholine (explained variance = 
1 8%) with the number of peripheral blood monocytes being a weak additional predictor 
(total explained variance = 23%). In contrast, the level of PC20 AMP was predominantly 
predicted by the percentage of sputum eosinophils (explained variance = 25% ), while FEV 1 

was only an additional independent predictor. On the basis of this analysis, we concluded 
that the PC20 AMP better reflects airway inflammation in asthma than the PC20 
methacholine. 

Furthermore, it has been suggested that the PC20 AMP is also more sensitive to changes in 
airway inflammation, since it improves to a greater extent after therapy with corticosteroids 
than PC20 methacholine.8•9 However, thus far it is unknown whether this greater 
improvement in PC20 AMP is related to a better association of AMP with reduction in 
airway inflammation than methacholine or more a reflection of different depositions of 
methacholine and AMP or, alternatively, the fact that more dose steps are being used when 
provoking with AMP than with methacholine. In chapter 4, we have investigated the 
association between the corticosteroid-induced improvement in PC20 AMP and PC20 
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methacholine on the one hand and the concomitant reduction in airway inflammation on the 
other hand. The same dataset was used as in chapter 3.  Briefly, inhaled corticosteroids were 
tapered down in 120 patients with mild to moderately severe asthma. 1° Corticosteroids were 
subsequently started and the relationship assessed between the corticosteroid-induced 
improvement in both PC20 methacholine and PC20 AMP and the concomitant increase in the 
level of FEV 1 %pred and reduction in airway inflammation. The latter was assessed by 
exhaled air and the number of inflammatory cells and eosinophil cationic protein (ECP) 
obtained by sputum induction. We found that improvement in PC20 AMP was solely related 
to reduction in airway inflammation (i.e. change in the number of sputum eosinophils, 
lymphocytes, epithelial cells, and concentration of NO in exhaled air). In contrast, 
improvement in PC20 methacholine was related to both reduction in airway inflammation 
(i.e. change in the number of sputum eosinophils and lymphocytes) and increase in FEV 1 
%pred. Moreover, the total explained variance of the improvement in bronchial 
hyperresponsiveness was higher for AMP than methacholine (36% versus 22%).We 
concluded that the PC20 AMP is more sensitive to changes in airway inflammation than the 
PC20 methacholine. This again suggests that the PC20 AMP is a more powerful tool to 
monitor active inflammation in the airway wall. 

Once inhaled AMP is rapidly converted to adenosine by the ubiquitous enzyme 5'
nucleotidase. It has been suggested in several studies that adenosine, which can also be 
generated in asthmatic airways itself during the process of energy generation, would 
contribute to asthma pathogenesis. Thus far, four different adenosine receptors have been 
described, namely adenosine At>  A2A, A28, and A3 receptors. There is suggestive evidence 
that AMP-induced bronchoconstriction is mediated by activation of the A28 receptor. 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 Th2 type cytokines suggests that mast cell activation can contribute to 
orchestration of the asthmatic inflammatory response. Adenosine can also act on At >  A2A, 
and A3 receptors, which have been identified on neutrophils, eosinophils, and macrophages. 
Their activation causes various pro- and anti-inflammatory actions. Surprisingly little is 
known so far about the exact distribution and function of the various types of adenosine 
receptors in human airways and hence it is difficult to predict the exact consequences of 
their activation. Taken together, one could speculate that inhalation of AMP, and by 
implication adenosine, will initiate an inflammatory response in the airways and this has 
been investigated in chapter 5. We have included 21 asthmatic subjects. Each subject 
performed three sputum inductions and blood collections on different days at least seven 
days apart: one without previous provocation, one hour after PC20 methacholine, and one 
hour after PC20 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. We found that a provocation test with AMP, but 
not with methacholine, induces an increase in the percentage of sputum eosinophils in 
patients with asthma. These findings may suggest that adenosine can play a role in chronic 
inflammatory conditions in asthma either via the release of inflammatory mediators from 
mast cells or, alternatively, via activation of adenosine At> A2A, or A3 receptors. Since our 
findings indicate that inhalation of AMP induces an influx of eosinophils into the airways, 
it could be speculated that a PC20 AMP causes a late asthmatic response similar to that seen 
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after allergen challenge. However, this is unlikely, since previous findings of Phillips and 
colleagues showed no increase in bronchial hyperresponsiveness to methacholine or a 
decline in FEV 1 up to 24 hours after AMP challenge. 1 1  

Interestingly, it has been shown in an animal models that treatment with an A2A receptor 
agonist has a protective effect against the late asthmatic response after allergen challenge. 
In chapter 6, we investigated whether inhalation of an A2A receptor agonist, which has 
been developed for human use, will have a similar inhibitory effect on the late asthmatic 
response (LAR) after allergen in human asthmatic subjects. To investigate this, we 
performed a double blind, randomized study in 14 atopic asthmatic subjects. We assessed 
the effects of one week inhaled treatment with either twice daily placebo, an A2A agonist 25 
Jlg, or fluticasone propionate 250Jlg on the late allergen induced asthmatic response, cell 
differentiation and inflammatory mediators in induced sputum, and on exhaled nitric oxide. 
We found that treatment with a dose of 25 Jlg b.i.d. of this A2A-receptor agonist did not 
protect against the late allergen-induced asthmatic response nor the associated increase in 
airway inflammation in humans, whereas fluticasone propionate did so as a positive 
control. 

Activation of �2-receptors inhibits the release of Th2 type cytokines such as IL-5 from 
peripheral blood lymphocytes. Further, it has been shown that �rreceptors desensitize after 
repeated stimulation, thereby explaining why regular treatment with short-acting �z
receptor agonists as single treatment does not have any beneficial effect in asthma. In 
addition, it has been suggested that �2-receptors also become desensitized after exposure to 
inflammatory mediators, probably via activation of protein kinase C. Taken together, it may 
be interesting to speculate that an impaired negative feedback control by the �2 adrenergic 
system could be involved in the enhanced cellular activity after allergen challenge. In 
chapter 7, we have investigated whether the �2-adrenergic regulation of peripheral blood 
lymphocytes in asthmatic subjects is changed from before to 6 hours after allergen 
challenge. Cytokine mRNA expression patterns were studied in a-CD3/a-CD28 stimulated 
peripheral lymphocytes in presence and absence of the �2-agonist fenoterol, using semi
quantitative RT-PCR (LightCycler). In addition, we studied the effect of fenoterol on T cell 
chemotaxis and signaling pathways. We found a complete loss of �z-adrenergic control 
over the Th2 cytokines IL-4, IL-5 and IL-13 ,  but not the Thl cytokine IFN-y after 
challenge. Our findings indicate that the negative feedback control by the �2-adrenergic 
system is impaired after allergen challenge and this could contribute to the enhanced 
cellular activity after allergen challenge 

138 



Chapter 8 

CONCLUSIONS 

The main conclusions derived from the studies presented in this thesis are: 

• The PC20 methacholine is barely associated with airway inflammation in asthma. 

• The PC20 AMP is more closely associated with airway inflammation (as reflected 
by the percentage of sputum eosinophils) in asthma than the PC20 methacholine. 

• Corticosteroid-induced changes in PC20 AMP are more closely associated with 
concomitant changes in airway inflammation (as reflected by changes in the 
percentages of inflammatory cells in induced sputum) than corticosteroid-induced 
changes in PC20 methacholine. 

• The cell differential count in induced sputum does not change one hour after a 
PC20 methacholine. 

• The percentage of sputum eosinophils increases one hour after a PC20 AMP. 

• One week treatment with the inhaled A2A agonist (GW328267X) 25 11g twice daily 
does not protect against the late fall in FEV 1 after allergen challenge (between 3 
and 8 hours after the early asthmatic response upon allergen challenge). 

• One week treatment with the inhaled A2A agonist (GW328267X) 25 IJ.g twice daily 
does not protect against the increase in airway inflammation 24 hours after 
allergen challenge. 

• The 132-adrenergic control over production of the Th2 cytokines IL-4, IL-5 and IL-
1 3, but not the Th1 cytokine IFN-y in peripheral blood lymphocytes is completely 
lost 6 hours after an allergen challenge. 

1 39 



DISCUSSION AND FUTURE PERSPECTIVES 

DISCUSSION AND DIRECTIONS FOR FUTURE RESEARCH 

PC20 AMJ,J as a non-invasive tool to monitor airway inflammation in asthma. 

We have demonstrated for the first time directly that the PC20 AMP is associated with 
airway inflammation as reflected by the percentage of eosinophils in sputum and blood, 
whereas this is less explicit with the PC20 methacholine. 1

2 
More importantly, we have 

shown that the steroid-induced improvement of PC20 AMP is also more closely related to 
the concomitant reduction in airway inflammation than the PC20 methacholine. 13 Together, 
these findings suggest that the PC20 AMP can be useful as a non-invasive tool to monitor 
airway inflammation in asthma. 

This may be important, since it has been demonstrated by Sont and colleagues that a 
treatment algorithm incorporating PC20 methacholine, as a surrogate marker of airway 
inflammation, can improve lung function (i.e. FEV1 ) and also reduce basement membrane 
thickening, the end result of inflammation. 14 Thus, directing treatment simply at 
improvement of symptoms and lung function does not lead to optimal asthma control. 
However, patients in the latter study who were treated based on the level of PC20 
methacholine used higher doses of inhaled corticosteroids, which hampers the 
interpretation of the results. Furthermore, PC20 methacholine was used as a surrogate 
marker of airway inflammation, which in the light of current data of this thesis appears not 
to be fully valid. 

In a recent study of Green and colleagues, a treatment strategy directed to normalize the 
percentage of sputum eosinophils was compared with one guided by symptoms and lung 
function (BTS guidelines). 1 Patients who received adjustment of anti-inflammatory 
treatment based on the percentage of sputum eosinophils showed a remarkable 
improvement in asthma control with a lower level of bronchial hyperresponsiveness and a 
reduction in the number of asthma exacerbations. In addition, the doses of inhaled 
corticosteroids did not differ between the two groups. Thus, this is the first study 
undisputedly showing that monitoring of airway inflammation may be important to 
improve the management and outcome of asthma. Despite this positive notion, sputum 
induction is unlikely to have a place in asthma management in the foreseeable future given 
the drawbacks that limit its use in daily clinical practice. Dedicated, highly qualified 
laboratory ·technicians are needed and the technique is time consuming, preventing rapid 
help in decision making to change treatment. The sputum induction procedure takes at 
maximum one hour and processing up to the necessary provision of percentage eosinophils 
approximately three hours. 

Thus, it is now clear that further development and validation of other noninvasive markers 
of airway inflammation becomes an important research goal. It could be speculated that 
treatment based on the severity of PC20 AMP leads to a better control of (eosinophilic) 
inflammation in asthma when compared to treatment based on symptoms and lung function 
only. This has to be sorted out in future studies. 
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Role of mast cells in asthma 

We have shown in chapter 5 of this thesis that a provocation test with AMP, but not with 
methacholine, induces an inflammatory response in the airways of asthmatic patients as 
reflected by an increase in the percentage of sputum eosinophils. There is suggestive 
evidence that AMP-induced bronchoconstriction is mediated by the release of inflammatory 
mediators from mast cells. 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 Th2 type cytokines has led to the 
suggestion that mast cell activation can contribute to the orchestration of the asthmatic 
inflammatory response. 16" 1 8 However, the exact role of mast cells in the orchestration of 
airway inflammation remains to be elucidated. 

The role of mast cells in asthma could be further investigated in 'in vitro' studies. Thus far, 
a major limitation in performing 'in vitro' studies in mast cells has been the difficulty to 
obtain a culture of human mast cells from adult subjects with or without asthma. 1 9 For this 
reason, previous studies have used mast cells derived from cord blood or from a patient 
with mast cell leukemia.20'2 1 Whether mast cells cultured from cord blood or derived from a 
patient with mast leukemia resemble normal human mast cells is questionable, since it has 
been shown that they do not express FcER1 receptors.22'23 Recently, it has been shown to be 
possible to culture human mast cells from peripheral blood. Eight weeks culture of mast 
cell progenitors in peripheral blood with SCF, IL-3, and IL-6 resulted in > 95% pure mast 
cell colonies.22'24 Obviously, this creates new opportunities to investigate the role of mast 
cells in asthma. For example, it now becomes possible to investigate exactly which 
cytokines are released upon activation of mast cells. Furthermore, the time course of the 
different cytokines and mediators released could be elucidated. Finally, the immunologic 
pathways by which mast cells interact with other inflammatory cells could be studied. 
Together, this would markedly enhance our knowledge about the role of mast cells in the 
regulation of the asthmatic inflammatory response. 

Provocation with AMP may become another tool for further exploration of the role of mast 
cells in asthma, since there is now convincing evidence that the airway response to this 
nucleotide is an index of mast cell number and/or activity. In this context, the findings of 
O'Connor and colleagues are of special interest.25 They found that inhaled P2-receptor 
agonists, when given as single dose, provide greater bronchoprotection against AMP
induced bronchoconstriction than against methacholine-induced bronchoconstriction and 
this differential bronchoprotective effect has been interpreted as mast cell stabilization. 25 In 
agreement with this, it has been demonstrated that B2-receptor agonists inhibit the release of 
histamine from chopped human lung and dispersed human lung mast cells. 26•27 Further, 
inhaled albuterol has been shown to inhibit the early increase in plasma histamine induced 
by allergen exposure in asthmatic patients, although it does not inhibit the late allergen
induced decline in FEV1 •

28 The protection provided by Bragonists against mast cell 
mediator release might be important to r.revent acute exacerbations in asthma, which are 
partly mediated by mast cell activation. 9 This action may contribute to the reduction in 
severe and mild exacerbations seen when formoterol is added to maintenance treatment 
with inhaled corticosteroids.30 Unfortunately, no studies are available about the additive 
effect of salmeterol in asthmatic patients already using inhaled corticosteroids. Thus far, 
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studies investigating the additive effect of salmeterol have compared this with the additive 
effect of a higher dose of inhaled corticosteroids. 3 1 An argument against the explanation as 
to the beneficial effect of combination therapy with formoterol and budesonide could be 
that subsensitivity to the bronchoprotective effect against AMP develops when asthma 
patients use form otero I regularly for one month. 3

2 
These findings suggest that B2-receptors 

present on mast cells desensitize rapidly after daily treatment with formoterol. Although 
corticosteroids prevent the loss of function of Bragonists with chronic use, this effect also 
occurs despite concomitant inhaled corticosteroid therapy.33"35 It has been reported that the 
extent of desensitization is highly variable between subjects and these interindividual 
differences are linked to genetic polymorphisms in the Brreceptor. 36 Thus, it could be 
speculated that a subgroup of asthma patients is resistant to mast cell �2-receptor 
desensitization. In this subgroup of asthma patients, adding formoterol to maintenance 
therapy with inhaled corticosteroids may well have an additional anti-inflammatory effect. 
Taken together, it now becomes interesting to investigate whether polymorphisms of the �2-
receptor could identify a subgroup of asthma patients that is resistant to the development of 
subsensitivity to the differential protective effect of �2-receptor agonists. 

Adenosine as a mediator of inflammation in asthma 

Adenosine is a naturally occurring purine nucleoside with a ubiquitous presence in human 
tissue. AMP is formed by the catabolism of high-energy adenosine phosphates such as 
adenosine diphosphate (ADP) or adenosine tri-phosphate (A TP) during the process of 
energy generation. When sufficient oxygen and energy is available, AMP is reconverted to 
high-energy phosphates forming a component of the energy cycle. 37 However, in case of 
excessive cell .stimulation or hypoxia, AMP can not be reconverted and is transported to the 
exterior of the cell where it is metabolized to adenosine by the enzyme 5 '-nucleotidase. The 
discovery that adenosine levels are elevated in the bronchoalveolar lavage fluid and in 
exhaled breath of asthmatics and increase further after allergen challenge raises the 
possibility that adenosine generated in asthmatic airway could itself contribute to the 
pathogenesis of asthma. 38-4° Another interesting finding in this context is that mice which 
lack the enzyme adenosine deaminase (and are therefore unable to break off endogenously 
formed adenosine) develop features of asthma including bronchial hyperresponsiveness, 
enhanced mucus secretion, airway eosinophilia, increased IgE synthesis, and elevated 
bronchoalveolar levels of IL-5.4 1 '42 All these asthmatic features could be reversed after 
administration of adenosine deaminase. Transcript array technology has been used to 
examine which genes in the lung become activated by adenosine that accumulates in 
adenosine deaminase deficient mice. This has provided additional insights into mechanisms 
linking adenosine to asthmatic airway inflammation by revealing marked overexpression of 
the monocyte chemotactic protein-3 gene in the airways paralleled by enhanced protein 
secretion. Monocyte chemotactic protein-3 is a chemokine with powerful eosinophil 
chemotactic properties. In agreement with the above findings, we have demonstrated that 
inhalation of AMP, and by implication adenosine, results in a rapid (within one hour) 
increase in sputum eosinophils. 

Adenosine may contribute to airway inflammation via activation of four different adenosine 
receptors, namely adenosine At.  A2A, A28, and A3 receptors. Human lung mast cells have 
been shown to express A2A and A28 receptors, but not A1 or A

3 
receptors.43'44 In a recent 

study in cultured mast cells derived from a patient with mast cell leukemia, only activation 
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of the A28 receptor resulted in mast cell activation.45 Thus, there is now suggestive evidence 
that AMP-induced bronchoconstriction is mediated by activation of the A28 receptor. Once 
inhaled, adenosine can also act on A�o  A2A, and A3 receptors, which have been identified on 
neutrophils, eosinophils, macrophages, and endothelial cells. Their activation causes 
various pro- and anti-inflammatory actions: activation of adenosine A 1  receptors promotes 
chemotaxis of neutrophils and increases adherence of neutrophils to endothelial cells.46-48 
By contrast, activation of adenosine A2A receptors reduces chemotaxis, activation and 
degranulation of neutrophils.47'49•50 In addition, activation of A2A receptors (in contrast to 
activation of A28 receptors) suppresses the release of tryptase from mast cells.5 1 A3 
receptors mediate inhibition of eosinophil chemotaxis when activated. 43 Other functions of 
A3 receptors involve inhibition of neutrophil degranulation induced by LPS or TNF-a. 
Surprisingly little is known so far about the exact distribution and function of the various 
types of adenosine receptors in human airways and hence it is difficult to predict the exact 
consequences of their activation. Thus, it is important to further elucidate the role of 
adenosine and adenosine receptors in asthma. This could be done in several ways. Firstly, it 
may be interesting to sequence adenosine A1,  A2A, A28, and A3 receptors and the enzyme 
adenosine deaminase. Then, it becomes possible to investigate whether polymorphisms are 
associated with the level of AMP responsiveness or more severe asthma (i.e. a more severe 
bronchial hyperresponsiveness to methacholine, a lower level of lung function, higher 
numbers of inflammatory cells in bronchial biopsies, bronchoalveolar lavage fluid, sputum, 
or blood, or the number of asthma exacerbations). One can also investigate whether 
polymorphisms in the adenosine receptor are functional and which consequences it has for 
receptor and postreceptor mechanisms. Secondly, it may be interesting to investigate 
whether adenosine receptors on inflammatory cells become upregulated by inflammatory 
mediators. This could be performed either ' in vitro' in cell culture systems, or ' in vivo' by 
assessing the number of adenosine A1, A2A, A28, and A3 receptors on inflammatory cells 
derived from induced sputum before and after allergen challenge. Upregulation of 
adenosine receptors by inflammatory mediators could help to explain our findings of an 
association between the severity of PC20 AMP and the extent of airway inflammation. 
Thirdly, it may be of interest to investigate adenosine receptors present on human mast 
cells which are cultured from peripheral blood. Thus, it could be elucidated whether there 
are differences in mediators released from mast cells after activation of adenosine receptors 
on the one hand and FcER l receptors on the other hand. Further, it could be investigated 
whether the adenosine-induced release of mediators from mast cells is inhibited by 
treatment with (combinations of) an inhaled corticosteroid, salmeterol, formoterol, 
albuterol, and nedocromil. Fourthly, it may be possible to use animal models to further 
elucidate the role of adenosine as a mediator of inflammation in asthma. For example, it 
would be interesting to investigate in sensitized mice whether repeated AMP provocations 
will result in an increase in airway inflammation as reflected by the number of eosinophils 
in lung tissue and to assess whether this increase in inflammation is inhibited by treatment 
with corticosteroids. Fifthly, it would be interesting to develop knock-in and knock-out 
mice, in which the adenosine A1 , A2A, A28, and A3 can be switched on and off. This will 
enable us to enhance our understanding of the exact role of the different adenosine 
receptors in asthma. Finally, it becomes important to develop drugs which are designed to 
specifically inhibit (A�o A28) or activate (A3, A2A) adenosine receptors and to investigate 
whether these drugs could serve as an appropriate asthma treatment, since it has been 
shown that adenosine A1 inhibitors and adenosine A2A agonists provide a Erotective effect 
on the late asthmatic response after allergen challenge in an animal model. 

2 
In this context 
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our study with a newly developed A2A adenosine receptor agonist was a step forward, 
although we could not demonstrate a protective effect against the late asthmatic response 
after allergen challenge. 

Thus, studies in this thesis may lead to a better understanding of the pathogenesis of 
asthma, and specifically the role of mast cells. In addition, studies in this thesis may lead to 
options for better asthma management by using AMP to titrate asthma management, 
although this has to be investigated in future studies. 
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NEDERLANDSE SAMENVA TTING 

INLEIDING 

Astma is een Iuchtwegaandoening die wordt gekerunerkt door aanvallen van 
kortademigheid, piepen op de borst en hoesten. Deze klachten kunnen sterk in intensiteit 
wisselen en varieren zowel over de dag als van dag tot dag. Voor het vaststellen van astma 
maakt men gebruik van verschillende Iongfunctietesten Een belangrijke longfunctietest is 
de meting van de FEV 1 .  dit is het volume dat de eerste seconde van de uitademing 
maximaal kan worden uitgeblazen. Een verlaagde FEV 1 duidt op luchtwegvemauwing 
( obstructie) tijdens de uitademing. Kerunerkend voor astmapatienten is dat de FEV 1 

gedurende klachtenvrije perioden normaal is maar tijdens perioden met klachten verlaagd. 
Daamaast zijn vee! mensen met astma allergisch voor ingeademde deeltjes van 
bijvoorbeeld huisstofmijt, huidschilfers van katten of honden, en stuifmeel van bloemen, 
grassen en bomen, de zogenaamde allergenen. 

LUCHTWEGREACTMTEIT 

We spreken van een verhoogde luchtwegreactiviteit indien de luchtwegen zich vemauwen 
na blootstelling aan een bepaalde hoeveelheid niet-allergische prikkels, die geen reactie 
geeft bij gezonde mensen. Een verhoogde Iuchtwegreactiviteit kan bij vrijwel aile 
astmapatienten worden aangetoond die geen medicijnen gebruiken. Klinisch uit dit zich in 
het ontstaan van kortademigheid na expositie aan bijvoorbeeld koude Iucht, sigarettenrook, 
mist, parfumluchtjes en na het verrichten van inspanning. De mate van luchtwegreactiviteit 
geeft een indruk over de ernst van het astma en wordt gemeten met behulp van een 
zogenaamde inhalatie provocatietest. Tijdens een dergelijke test inhaleren mensen via een 
gestandaardiseerde vemevelaar en gedurende een vaste tijd (bijvoorbeeld twee minuten) 
oplopende concentraties van prikkelende stoffen zoals histamine of methacholine. Na 
iedere concentratiestap wordt het effect van histamine of methacholine op de longfunctie 
(FEV 1) bepaald. De concentratie histamine of methacholine die een daling van 20% ten 
opzichte van de uitgangswaarde van de FEV 1 veroorzaakt wordt de PC20 waarde genoemd. 
Indien 20% daling is bereikt of de maximale concentratie is gegeven, wordt de test gestopt 
en krijgen patienten een luchtwegverwijder toegediend om de longfunctie te herstellen. 

LUCHTWEGONTSTEKING BIJ ASTMA 

Astma-aanvallen worden uitgelokt door blootstelling aan allergenen en/of virussen. Door 
inhalatie van allergenen ontstaat een ontstekingsreactie in de luchtwegen, de allergische 
inflammatie. Tijdens dit ontstekingsproces bevinden zich vee! ontstekingscellen in de 
luchtwegwand zoals mestcellen, eosinofiele granulocyten, neutrofiele granulocyten, 
lymfocyten, en macrofagen. Tevens zijn de wanden van de bloedvaatjes verhoogd 
doorlaatbaar, waardoor plasma (niet cellulaire component van het bloed) in het omringende 
weefsel van de luchtwegwand lekt. Dit alles zorgt voor een verdikte luchtwegwand. 
Daamaast trekken de spiertjes rondom de luchtwegwand zich samen waardoor de 
doorgankelijkheid van de luchtwegen afneemt. Voor bestudering van het ontstekingsproces 
in de luchtwegen wordt vaak gebruik gemaakt van Iongslijm (sputum). In praktijk blijkt dat 
vee! patienten het moeilijk vinden sputum spontaan op te hoesten. Door patienten zoute 
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neve! te Iaten inhaleren wordt sputum ophoesten makkelijker, maar dit proces is tijdravend 
en analyse van het opgewekt sputum kostbaar. 

Vroege en late allergische reactie 

De reactie van een astmapatient op allergenen kan in 2 stadia worden onderverdeeld, 
namelijk de vroege en de late reactie. Wanneer een astmapatient in contact is geweest met 
allergische prikkels, kan dit na tien tot twintig minuten tot luchtwegvernauwing leiden 
(vroege reactie). Deze verdwijnt na ongeveer een uur doorgaans. Een vroege reactie berust 
voor een groat dee! op contractie van het spierweefsel random de luchtwegen. Bij ongeveer 
70% van de patienten treedt er na vier tot zes uur opnieuw luchtwegvemauwing op (late 
reactie) en deze kan in vee! gevallen tot meer dan 24 uur aanhouden. De late reactie is het 
gevolg van ontstekingsprocessen en kan voor een belangrijk dee! voorkomen worden met 
ontstekingsremmende inhalatiemedicijnen. 

BEHANDELING VAN ASTMA 

De behandeling van astma is gebaseerd op 2 principes, namelijk het bestrijden van 
symptomen met luchtwegverwijders en het behandelen van het onderliggend 
ontstekingsproces met ontstekingremmers. 

Luchtwegverwijders 

Tijdens een astma-aanval trekken de spieren random de luchtwegen samen, waardoor 
Juchtwegvernauwing ontstaat. Luchtwegverwijders (B2-agonisten) stimuleren de B2-receptor 
van de gladde spiercellen en zorgen daarmee voor relaxatie ( ontspanning) van het gladde 
spierweefsel. Hierdoor verbeteren de symptomen van een patient vrijwel direct; het 
onderliggend ontstekingsproces wordt er echter bij mensen waarschijnlijk niet door 
geremd. 

Ontstekingsremmers 

Het ontstekingspraces wordt bestreden met ontstekingsremmende inhalatiemedicijnen. Het 
bekendste voorbeeld is inhalatiecorticosteroiden, welke worden geleverd onder de 
merknamen Flixotide, Pulmicort, Becotide, en Qvar. Na gebruik van ontstekingsremmers 
neemt het aantal ontstekingscellen in de luchtwegwand af, herstellen de bloedvaatjes en 
vermindert de luchtwegvemauwing. Ook verminderen de Juchtwegreactiviteit en de 
klachten. Voor het bepalen van de juiste dosering ontstekingsremmers wordt in praktijk met 
name gekeken naar de ernst van de klachten, eventueel in combinatie met de longfunctie. 
Er zijn echter studies die aantonen dat klachten onvoldoende betrouwbaar zijn voor het 
inschatten van de ernst van het astma. Klachten geven vooral weer in hoeverre de 
aandoening hinderlijk is voor de patient en niet de werkelijke ernst van de aandoening. Het 
is aangetoond dat sommige astmapatienten geen klachten rapporteren, ondanks de 
aanwezigheid van forse ontstekingsactiviteit in de luchtwegen. Ook in afwezigheid van 
klachten is het echter belangrijk het astmatische ontstekingspraces te behandelen, onder 
andere omdat het de Iangen van astmapatienten gevoeliger maakt voor virusinfecties. 
Verder zijn er aanwijzingen dat de Jongfunctie van ongeveer 20% van de astmapatienten 
versneld afneemt, in vergelijking met een gezonde groep mensen. Dit wordt voor een 
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belangrijk dee! toegeschreven aan het aanwezige ontstekingsproces en de daardoor 
optredende structurele veranderingen in de luchtwegwand. In de afgelopen jaren is daarom 
vee! onderzoek verricht naar een methode voor het meten van luchtwegontsteking. Op die 
manier zou het mogelijk moeten zijn de dosering inhalatiesterolden vast te stellen op basis 
van de ontstekingsactiviteit van de luchtwegen; dit zou een belangrijke stap vooruit zijn bij 
de behandeling van astma. 

EEN PROVOCATIETEST MET AMP ALS MARKER VOOR 
LUCHTWEGONTSTEKING 

Een mogelijke manier voor het meten van luchtwegontsteking, is een provocatietest met 
Adenosine 5 '-Monofosfaat (AMP). De werking van AMP in de luchtwegen is anders dan 
die van histamine of methacholine. Histamine en methacholine hebben een direct effect op 
het gladde spierweefsel van de luchtwegwand en zorgen zo voor een vernauwing van de 
luchtwegen (bronchoconstrictie). AMP heeft geen direct effect op het gladde spierweefsel, 
maar werkt indirect via het vrijmaken van ontstekingseiwitten (mediatoren) uit 
ontstekingscellen (namelijk mestcellen). Deze mediatoren zorgen vervolgens voor 
luchtwegvernauwing (zie figuur). In de kliniek en in het wetenschappelijk onderzoek naar 
astma bestaat een groeiende interesse voor een provocatietest met AMP, omdat recente 
studies aannemelijk maken dat deze test de mate van luchtwegontsteking in astma beter 
weerspiegelt dan een provocatietest met methacholine. Zo is het bijvoorbeeld aangetoond 
dat de verbetering van astma na een verblijfvan een maand in een allergeenarme omgeving 
op grote hoogte (in Davos, Zwitserland) wei aangetoond kan worden met de PC20 AMP, 
maar niet met de PC20 methacholine. In hoofdstuk 2 wordt een uitgebreid 
literatuuroverzicht gepresenteerd over de rol van een AMP provocatietest bij astma. 

Direct Indirect 
Methacholine I Histamine Adenosine 5'-monophosphate 

1 Me1tcel 

mstamln• 
...... PGD2 

LTC4 

l 
� -..... +-- � 

Glad 
splerweefsel J Bronchoconstrictie J 

Glad 
splerweefsel 

Figuur. Verschil in werkingsmechanisme tussen histamine/methacholine en AMP. 

Een direct verband tussen de PC20 AMP en de ernst van luchtwegontsteking wordt 
gevonden in hoofdstuk 3. Dit hoofdstuk beschrijft de correlatie tussen de PC20 AMP en 
PC20 methacholine aan de ene kant en de ernst van luchtwegontsteking in opgewekt sputum 
aan de andere kant bij 120 astmapatienten. Dit onderzoek toont aan dat de PC20 AMP vee! 
beter gecorreleerd is met luchtwegontsteking in astma dan de PC20 methacholine. 

Studies hebben aangetoond dat de PC20 AMP meer verbetert na behandeling met 
ontstekingsremmers (corticosterolden) dan de PC20 methacholine. Het is echter niet bekend 
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of deze verbetering inderdaad een afspiegeling is van een sterkere afuame van inflammatie 
of dat de afuame van de PC20-waarde een rekenkundig gevolg is van het feit dat er meer 
concentratiestappen nodig zijn bij een AMP provocatietest dan bij een methacholine 
provocatietest. Daarom hebben wij in hoofdstuk 4 de correlatie tussen de corticosteroid
geinduceerde verbetering in PC20 AMP en de vermindering van inflammatie onderzocht. 
Hiervoor werd de behandeling met corticosteroiden eerst stapsgewijs afgebouwd en 
uiteindelijk gestopt bij 120 astmapatienten. Vervolgens werd begonnen met een 
behandeling van twee weken met een hoge dosering corticosteroiden. Voor en na deze 
behandeling van twee weken werden zowel een provocatietest met AMP en met 
methacholine verricht als ook sputum opgewekt. De resultaten van dit onderzoek tonen aan 
dat de afuame van de PC20 AMP waarde daadwerkelijk beter gecorreleerd is met een 
afuame van inflammatie dan de afuame van de PC20 methacholine waarde. De resultaten 
van het onderzoek in hoofdstuk 3 en 4 samen zijn een goede aanwijzing dat de PC20 AMP 
gebruikt kan worden als een methode om luchtweg inflammatie te meten en om het effect 
van corticosteroiden te monitoren. 

Bij een AMP provocatietest inhaleren patienten AMP via een vernevelaar. AMP wordt ook 
in het lichaam zelf gevormd tijdens het omzetten van hoog energetische 
fosfaatverbindingen (Adenosine Difosfaat (ADP) en Adenosine Trifosfaat (ATP)) bij het 
genereren van energie. Normaliter wordt AMP uiteindelijk weer omgezet naar ADP en 
A TP als onderdeel van de energiecyclus. Echter, in een situatie van grote energiebehoefte 
of zuurstoftekort wordt AMP omgezet naar adenosine. Het is dan ook niet verrassend dat de 
concentratie adenosine in de luchtwegen van astmatici verhoogd is en verder toeneemt na 
allergeen provocatie. Er zijn aanwijzingen in de literatuur dat adenosine, eenmaal 
geproduceerd in de luchtwegen, zelf een rol speelt bij bet onderhouden van de 
luchtwegontsteking. Zo is het bijvoorbeeld aangetoond dat muizen die bet enzym 
'adenosine deaminase' missen, en daardoor niet in staat zijn adenosine af te breken, 
luchtwegontsteking en kenmerken van astma ontwikkelen. Met het onderzoek beschreven 
in hoofdstuk 5, hebben wij onderzocht of een provocatietest met AMP tot een toename van 
luchtwegontsteking leidt. Wij vonden dat het aantal ontstekingscellen in opgewekt sputum 
toeneemt na een provocatietest met AMP . Ondanks deze toename van luchtwegontsteking 
lijkt het niet waarschijnlijk dat een provocatietest met AMP schadelijk is voor de 
luchtwegen, omdat in een eerder onderzoek is aangetoond dat de longfunctie en 
luchtwegreactiviteit stabiel blijven tot ten minste 24 uur na een provocatietest met AMP . 

Tot nu toe zijn er vier verschillende receptoren voor adenosine beschreven, namelijk 
adenosine A1.  A2A, A28, en A3 receptoren. De A28 receptor bevindt zich op de mestcel en 
activatie van deze receptor leidt tot het vrijkomen van ontstekingsmediatoren. Adenosine 
A1.  A2A, en A3 receptoren bevinden zich op neutrofielen, eosinofielen en macrofagen. In de 
literatuur wordt melding gemaakt dat activatie van deze receptoren soms aanleiding geeft 
tot ontsteking, maar soms ook de ontsteking remt. Activatie van adenosine A1 receptoren 
leidt tot een toename van neutrofielen ( een ontstekingscel in bloed die ook in longweefsel 
voorkomt) en een verhoogde adherentie van neutrofielen aan endotheelcellen. Activatie van 
adenosine A2A receptoren daarentegen, leidt tot een vermindering van aantrekken en 
activatie van neutrofielen. Activatie van adenosine A3 receptoren tenslotte remt de 
chemotaxie van eosinofielen. Het is aangetoond bij ratten dat behandeling met 
medicamenten die de adenosine A 1  receptor remmen (A1 -antagonisten) of de adenosine A2A 
receptor stimuleren (A2A-agonisten) het astmatische ontstekingsproces afremt. In 
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hoofdstuk 6 hebben wij onderzocht of behandeling met een A2A-agonist het astmatische 
ontstekingsproces bij mensen gunstig kan beinvloeden. Voor dit doeleinde werden 
patienten drie keer een week behandeld met ofwel een A2A-agonist, ofwel een nepmedicijn 
(placebo), ofwel een inhalatiecorticosteroid. Na steeds een week behandeling werd het 
effect op de late astmatische reactie en het aantal ontstekingscellen in opgewekt sputum 
onderzocht. In dit onderzoek was behandeling met een A2A-agonist even weinig effectief 
als behandeling met placebo. Dit kan betekenen dat Of dit medicament bij mensen niet 
effectief is Of de dosering die gebruikt is te laag was gekozen. 

Laboratoriumstudies hebben aangetoond dat activatie van Brreceptoren niet aileen leidt tot 
relaxatie van de spieren rondom de luchtwegen zoals eerder betoogd, maar ook tot een 
afname in productie van mediatoren door ontstekingscellen. Desalniettemin Iaten studies in 
patienten geen effect zien van regelmatig gebruik van Bragonisten op luchtwegontsteking. 
Een mogelijke verklaring hiervoor is dat de B2-receptoren die op ontstekingscellen zitten 
snel ongevoelig raken voor stimulatie door �2-agonisten. Naast regelmatig gebruik van �2-
agonisten, zijn er aanwijzingen dat �rreceptoren ook ongevoelig raken door de 
aanwezigheid van ontstekingsmediatoren. In hoofdstuk 7 wordt inderdaad aangetoond dat 
Brreceptoren ongevoelig worden tijdens de late astmatische reactie. Dit fenomeen kan 
mogelijk zelf ook weer bijdragen aan een toename van luchtwegontsteking. 

CONCLUSIES EN SUGGESTIES VOOR TOEKOMSTIG ONDERZOEK 

In de studies beschreven in dit proefschrift hebben wij aangetoond dat de PC20 AMP 
gecorreleerd is met luchtweginflammatie in astma en dat de corticosteroid geinduceerde 
verbetering in PC20 AMP gecorreleerd is met vermindering in inflammatie. Dit betekent dat 
de PC20 AMP gebruikt kan worden als een maat voor luchtwegontsteking. Het is zeker de 
moeite waard om te onderzoeken of het bijstellen van de dosering inhalatiecorticosteroiden 
op geleide van de PC20 AMP een verbetering kan zijn voor de behandeling van astma. 

Er zijn belangrijke aanwijzingen dat adenosine een belangrijke rol speelt bij het 
onderhouden van het ontstekingsproces bij astma. Tot nu toe is nog maar weinig bekend 
over de precieze functie van de verschillende adenosine receptoren in de luchtwegen. 
Verder onderzoek is nodig om de rol van adenosine en adenosine receptoren in astma op te 
helderen. Dit kan gebeuren door het ontwikkelen van medicamenten die de verschillende 
adenosine receptoren specifiek remmen (adenosine A1 , en A3 receptor) of stimuleren (A2A 
receptor) en om te onderzoeken of deze medicamenten een gunstig effect hebben op astma. 
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DANKWOORD 

Hierbij wil ik iedereen bedanken die een bijdrage heeft geleverd aan de totstandkoming van 
dit proefschrift en een aantal personen in het bijzonder. 

Allereerst professor dr. D.S. Postma. Beste Dirkje, het is een groot voorrecht geweest om 
met je te mogen werken. Jouw kennis van zaken en werktempo zijn indrukwekkend. Maar 
bovenal wist je mij met je positieve uitstraling en betrokkenheid steeds te inspireren. Ik ben 
je heel erg dankbaar dat je mij de afgelopen 4 jaar hebt begeleidt in het doen van 
wetenschappelijk onderzoek en ik heb veel van je geleerd. 

Professor dr. H.A.M. Kers�ens, beste Huib. Graag wil ik je bedanken voor jouw altijd 
positieve instelling. Ik heb een groot respect voor jouw deskundigheid bij het opzetten, 
uitvoeren en opschrijven van wetenschappelijk onderzoek en ik prijs me gelukkig dat ik 
bier de afgelopen jaren gebruik van heb mogen maken. Dankzij je lage drempel kon ik 
altijd bij je binnenlopen, wanneer ik snel advies nodig had en dat heb ik zeer gewaardeerd. 

Professor dr. G.H. Koeter, beste Gerard. Jij zorgde er met jouw analyserende en 
beschouwende blik altijd voor dat de grote lijnen niet verloren gingen. Daamaast heb ik 
goede herrineringen aan de gesprekken die niet rechtstreeks mijn promotie betroffen. 
Tenslotte wil ik je bedanken dat je mij hebt aangenomen voor de opleiding tot longarts. 

Professor dr. S.T. Holgate, professor dr. J.W.J. Lammers, professor dr. P.J. Sterk, en 
professor de Monchy voor hun bereidheid om plaats te nemen in de leescommissie. 

De medewerkers van het laboratorium longziekten/allergologie. Als ik soms wat laat met 
een nieuw project aankwam, kon ik toch altijd bij jullie terecht. Ook waren jullie altijd 
bereid om sputum of bloed op te werken ook wanneer een afspraak een keer niet goed was 
doorgegeven of als er gewerkt moest worden op een vrije dag. Heel erg bedankt daarvoor. 
Dorothea de Reus wil ik speciaal bedanken voor alle hulp bij het opzetten en uitwerken van 
nieuwe projecten. 

Aile medewerkers van het functiecentrum (longfunctie en allergologie) voor het uitvoeren 
van de vele longfunctiemetingen en provocatietesten die soms op het laatste moment 
moesten gebeuren. 

Aile leden van het GRIAC voor de stimulerende discussies en hun waardevolle 
commentaar tijden de research besprekingen. Ik heb het als een voorrecht beschouwd om 
deel uit te maken van zo'n grote groep waar zo veel disciplines vertegenwoordigd waren. 

Evelyn en Trudy voor de vele klusjes die jullie altijd vlot opknapten. 

Erwin, Jenny, Gerben, Rolf, en Anne van het bedrijfsbureau interne geneeskunde voor de 
ondersteuning bij dit onderzoek. 
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lise en Josefien voor hun enorrne hulp en inzet bij het FFA onderzoek. Dit heeft het voor 
mij mogelijk gemaakt om het proefschrift voor het grootste dee! af te ronden voor de start 
van mijn opleiding tot longarts. 

Tot slot mijn kamergenoten en directe collega's, Jeroen, Jos, Floris, Maurits, Hester, 
Margot, Henk, Erik, Hajo, Toby, Marlies, Gerard, Brigitte, en Jaap voor de gezellige sfeer, 
de adviezen, de vele discussies, en altijd hulp wanneer dat nodig was. 
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