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ABSTRACT

Asthma is a chronic respiratory disease which is characterized by reversible
bronchoconstriction, airway hyperresponsiveness, and airway inflammation. Allergen
inhalation by sensitized atopic asthmatics enhances airway hyperresponsiveness and
intlammaton, providing a model to study mild asthma exacerbation. Airway intlammation
can be measured non-invasively trom airway secretions by sputum induction. Prior to
starting this thesis, information on allergen-induced inflammation measured from sputum
was limited. Furthermore, the pro- or anti-inflammatory ettects of asthma therapies had not
been investigated using this model of allergen-induced airway inflammation. The aim of this
thesis was to first characterize the allergen-induced changes in sputum intlammatory cells
and determine the repeatability ot measurements of sputum inflammatory cells following
allergen inhalation challenge. [n addition, this thesis was aimed to investigate the pro- or
anti-intflammatory etfects of asthma therapies on allergen-induced airway intlammation.

Inflammatory cells considered to be important in asthma. such as eosinophils and
mast cells, were measured trom induced sputum following allergen inhalation challenge.
These cells remained significantly elevated in sputum tor 7d following inhalation of allergen,
compared to diluent control. Cytokines associated with the activation and chemotaxis of
eosinophils such as IL-5. eotaxin and RANTES. were also significantly elevated following
allergen inhalation challenge. We examined the repeatability of allergen-induced airway

inflammation assessed by induced sputum. and calculated the subject sample sizes required
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to demonstrate significant attenuation of sputum eosinophilia in placebo-controlled crossover
studies.

Measurement of sputum intflammatory cells, particularily eosinophils, tollowing
allergen inhalation challenge were tound to reflect the pro- or anti-intlammatory etfects of
asthma therapies. Inhaled budesonide and PGE, are known to protect against allergen-
induced early and late asthmatic responses and allergen-induced airway hyperresponsiveness.
We demonstrated that regular treatment with inhaled budesonide. and that inhalation of PGE,
immediately betore allergen inhalation challenge attenuated the allergen-induced early and
late asthmatic responses, and the allergen-induced increase in airway hyperresponsiveness
and inflammatory cells. In contrast, regular treatment with an inhaled B,-agonist, an asthma
therapy known to enhance the allergen-induced late asthmatic response, also enhanced the
allergen-induced increase in sputum cosinophils during the late asthmatic response. These
tfindings indicate that the measurements of airway cosinophils from induced sputum
tollowing allergen inhalation challenge reflect the allergen-induced late asthmatic response
and airway hyperresponsiveness. Furthermore. allergen-induced sputum eosinophilia is a
sensitive indicator of the pro- or anti-inflammatory ettects of asthma therapies in mild atopic

asthma.
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CHAPTER 1:
INTRODUCTION

Asthma

Asthma is a disease of the airways charactenized by symptoms caused by episodic
bronchoconstriction and circadian variation in pulmonary function (Szetler et al, 1991).
Airway inflammation is an important characteristic in patients with current symptomatic
asthma (Bradley et al, 1991; Kirby et al, 1987; Pin ¢t al, 1992), leading to changes in the
airway such as edema, increased secretions and smooth muscle constriction (Boschetto ¢t al,
1991: Fabbri et al, 1988: Hulbert ¢t al, 1981 Persson ¢t a], 1986), and hyperresponsiveness
to non-specific stimuli such as methacholine (Hargreave ¢t al, 1981), and specific stimuli
such as allergen (Cockeroft et al, 1977).
Allergen Inhalation Challenge

Allergen inhalation by atopic asthmatics results in acute bronchoconstriction and
airway secretions caused by the immediate release of direct-acting mediators, and in 50-60%
of adult subjects, this is followed by a late bronchoconstrictor response (LAR) (Booij-Noord
gtal, 1972: Robertson et al, 1974). The late response to inhaled allergen is associated with
the development of allergen-induced airway hyperresponsiveness (Cartier et al, 1982) and
by an allergen-induced increase in the number of airway inflammatory cells, as measured in

bronchial biopsies (Crimi ¢t al, 1991), BAL (Aalbers et al, 1993) and induced sputum (Fahy
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etal, 1994; Gauvreau et al, 1996).

Allergen inhalation challenge can be used as a stimulus to trigger airway
inflammation in atopic asthmatics. Using this airway challenge, asthma therapies can be
evaluated for their abiiity to protect the airway by measuring their elfects on the ailergen-
induced airway bronchoconstrictor responses, hyperresponsiveness and inflammation.
Asthma Therapies

Asthma is a common chronic disease, with a prevalence of approximately 10-15%
(Sears 1990) of the population. Asthma medications currently prescribed include
bronchodilators, which target airway narrowing, and anti-inflammatory drugs. which target
airway inflammation. Bronchodilators act predominantly by relaxing airway smooth muscle,
whereas anti-inflammatory drugs suppress the intlammation in asthmatic airways.

ocorti

Glucocorticoids are the most potent anti-inflammatory agents available for the
treatment of asthma. The actions of glucocorticoids can occur through binding of the
steroid/receptor complex to the promoter site of target genes (Beato 1989). This binding can
directly increase transcription, as in the case of B,-receptor (Mak et al, 1995) and neutral
endopeptidase (Borson and Gruenert, 1991), or directly suppress expression of genes coding
for inflammatory mediators (Kern gt al, 1988). In addition, glucocorticoids can exert gene
repression indirectly by binding of the steroid/receptor complex to transcription factors

(Adcock et al, 1993). and by inducing inhibitors of transcription factors.



Inhaled topical glucocorticoids with a high ratio of topical to systemic activity have
been developed for the treatment of asthma in order to minimize systemic toxicity such as
growth inhibition, cataracts and osteoporosis (Fahy et al, 1995). Intflammation is a complex
interaction of ceils and mediators, and giucocorticoids are thought to be etfective topically
in the airway because of their wide spectrum of activities, including cell chemotaxis,
mediator synthesis and release, and vascular permeability. Inhaled glucocorticoids, such as
budesonide, beclomethasone dipropionate and tluticasone, have been shown to decrease the
numbers and activation status of airway intflammatory cells such as cosinophils, mast cells
and T lymphocytes (Djukanovic et af, 1990; Wilson ¢t al, 1994: Laitinen ¢t al, 1992 Burke
etal, 1992: Trigg ¢tal, 1994; Whang et al, 1994). With respect to the airway eosinophilia,
which is characteristic of allergic asthma. glucocorticoids have been shown to inhibit
chemotaxis ot cosinophils (Warringa et al, 1993; Altman ¢t al, 1981; Taborda-Barata ¢t al,
1996). inhibit the survival of cosinophils (Lamas et al, 1991; Wallen ¢t af, 1991: Cox etal,
1991), and inhibit the production of chemokines by the epithelium (Lilly ¢t al, 1997: Kwon
etal, 1995). Furthermore, inhaled glucocorticoids appear to maintain some systemic eftect
by decreasing peripheral blood eosinophil counts (Evans ¢t al, 1992), and inhibiting the
release of eosinophils from the bone marrow (Gibson ¢t al, 1991). The net result of the
above actions is effective inhibition of cosinophil localization in the airways of asthmatics.
Although use of inhaled steroids is a tirst line therapy for the treatment of moderate to severe

asthma, the long term ettects of inhaled steroids must be considered in sub-populations of
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asthmatics. such as postmenopausal women where bone loss may be accelerated (Ip etal,
1994).

§.-agonists

p.-adrenoceptor agonists, on the other hand, are weil estabiished for relief of acute
asthma bronchospasm (Barnes 1995), and their main beneticial pharmacological etfects
include bronchodilation and functional antagonism (protection from bronchoconstrictor
agents). B.-agonists produce bronchodilation predominantly by activating p.-receptors on
airway smooth muscle cells (Nijkamp et al, 1992). Activation of B,-receptors results in
activation of adenylyl cyclase, and through stimulatory G proteins results in an increase in
intracellular cvelic 3'.5' adenosine monophosphate (¢cAMP). Increased ¢cAMP leads to
phosphorylation of several proteins including large conductance caleium-activated potassium
channels. resulting in hyperpolarization of the cell membrane and relaxation ot the airway
smooth muscle cell (Goldie gtal, 1991). In airway smooth muscle, B.-receptors may be
directly coupled to large conductance calcium-activated potassium channels, suggesting that
elevation of cAMP is not necessary for the bronchodilator response to B,-agonists (Kume ¢t
al, 1994).  p-receptors are also localized to many other cell types in the airways, such as
mast cells and cholinergic nerves. Activation ot these receptors by ,-agonists may inhibit
release of bronchoconstrictor mediators, such as histamine, arachidonic acid metabolites and

acetylcholine, contributing further to the bronchodilator effects.

With widespread use of B,-agonists in the management ot asthma, issues regarding



deleterious effects (increased morbidity and mortality) of frequent use of these agents in
asthma have emerged (Taylor gt al, 1996), suggesting the development of tolerance to the
beneficial effects ot inhaled p.-agonists. The development of tolerance to B,-agonists has
been demonstrated with reduced tunctional antagonism to non-specttic bronchoconstrictor
stimuli such as exercise (Gibson et al, 1978), histamine (Vathenen ¢t al, 1988: Wahedna ¢t
al. 1993) and methacholine (O'Connor gt al, 1992; Cockceroft et al, 1993) and to specitic
bronchoconstrictors such as allergen (Cockeroft et al, 1993). The clinical relevance of these
findings. however, remains uncertain, as there remains a considerable functional antagonist
effect even after tolerance develops.

Although the p.-agonists and glucocorticoids are widely prescribed therapies tor the
treatment of asthma, they are not always effective alone or in combination with each other.
Inhaled glucocorticoids are not etfective in rare patients whose asthma is resistant to steroid
treatment (Cypear and Busse 1993). Masking of clinical symptoms with regular p,-agonist
use may allow progression of the underlying airway inflammation, leading to exacerbation.
Combination therapy of B.-agonist plus glucocorticoid may not be complimentary. as results
from recent studies have tormed a basis for the hypothesis that simultaneous use of 8,-
agonists and glucocorticoids may impair the anti-inflammatory eftects of both endogenous
and exogenous steroids. f,-agonists exert their bronchodilator properties through stimulating
the production of cAMP, which occurs in a dose-dependent manner (Adcock et al, 1995b).

Preliminary studies have demonstrated that binding ot glucocorticoid complexes to specific



6

DNA sequences may be inhibited by increased intracellular concentrations of cAMP (Peters
etal, 1995). Interactions of these therapies must be considered in the treatment of asthma,
as there are clinical data to contirm this hypothesis (Cockeroft et al, 1995; Wong gt al, 1994)
and 10 vitro evidence that B.-agonusts block corticosteroid inhibition in eosinophils (Nieison
et al, 1998).

Prostaglandin E,

There is a need for novel asthma therapies which can suppress airway inflammation,
and provide relief of acute bronchospasm in asthma without untoward interactions. New
strategies, such as the antileukotriene drugs, have been developed to target specific mediators
and receptors ot the arachidonic acid pathway. which are thought to play an important role
in the pathogenesis of airway bronchoconstriction and inflammation. The inhibitory
prostanoids, which have a broader spectrum ot action, may provide another alternative.

Prostaglandin E, (PGE,) has demonstrated bronchodilatory properties (Pasargiklian

et al. 1976). and plays a regulatory role in the inflammatory process. Prostaglandin E, is
present in human airways as a cyclo-oxygenase product of airway epithelium (Churchill ¢t
al. 1989) and airway smooth muscle (Delamere ¢t_al, 1994). and similar to f.-agonists,
receptor binding leads to increased intracellular ¢AMP. PGE, demonstrates
bronchoprotective etfects in patients with bronchial asthma by attenuating exercise-induced
(Melillo ¢t al, 1994), allergen-induced (Pavord et al, 1993: Pasargiklian ¢t al, 1976), and

aspirin-induced bronchoconstriction (Sestini ¢t al, 1996), as well as bronchoconstrictor
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agents such as metabisulfite, methacholine and histamine (Pavord et al, 1991: Manning ¢t
al, 1989; Walters et al, 1982).

There are many other events involved in the development ot allergic inflammation,
which PGLE, may modulate. PGE, has been shown to regulate the production ot peripheral
blood mononuclear cell-derived cvtokines such as interleukin (1L)-2., [L-4 and IL-5. by
clevating intracellular levels of cAMP (Kaminuma et al, 1996), and has been shown to
induce shift in the functional protile of cytokine mRNA in T lymphocytes (Gold gt al, 1994),
possibly by the same mechanism. These results suggest that PGE, may be an important
endogenous mediator tor regulation of inflammation in asthmatic airways.

Assessment of Asthma Therapies

Giiven the current consensus that airway inflammation plays a central role in asthma,
therapies are now being evaluated tor their anti-inflammatory  effects on  airway
inflammation. New novel therapies include treatment with anti-IgE antibody, which has
been shown to attenuate the late response to inhaled allergen (Fahy et al, 1997), and anti-1L-5
antibody which is currently being evaluated tor use in humans.  Assessment of the anti-
inflammatory eftects of these therapies is essential to evaluate their potential role in the
treatment of allergic asthma. Airway measurements of inflammatory cells traditionally have
been obtained with invasive procedures, which limit the use ot these methods. Measuring
changes in compartments other than the airway. such as peripheral blood, has advanced our

understanding of the anti-inflammatory properties of glucocorticoids (Butterfield et al, 1986;



Evans etal, 1993). ECP levels in peripheral blood are higher in asthmatics compared to non-
asthmatics, but peripheral blood ECP is not an accurate marker of asthmatic airway
inflammation (Pizzichini ¢t 3], 1997b), likely because mediators secreted in the airway must
move from the tissue back into the vasculature in order to be detected in serum. The
preferred compartment to study airway inflammation is by direct measurements obtained
from the airway itself.

Measurement of Airway Inflammation

Airway intflammation has, in the past. been measured by changes in bronchial
biopsies and bronchoalveolar lavage. The bronchoscopy procedures required to collect these
samples trom the lower airways is invasive, expensive and difficult to obtain repeated
samples over short periods of time from the same subject. Hypoxia, bronchoconstriction and
side ettects to lidocaine are possible during bronchoscopy (Van Vyve ¢t al, 1992; Smith ¢t
al, 1993).

More recently a technique has been developed to collect airway secretions non-
invasively and repeatedly by sputum induction. Using comparisons with BAL and bronchial
washings. the criterion validity of indices measured from induced sputum have been
investigated. Samples from induced sputum have been shown to yield cells with a similar
morphological appearance as those in BAL (Fahy ¢t al, 1995b). Induced sputum from
asthmatic subjects contains higher total cell counts and higher percentages of neutrophils and

cosinophils than BAL (Fahy ¢t af, 1995b; Maestrelli et al, 1995; Keatings ¢t al, 1995: Kidney
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et al, 1995), which may retlect the relative proportion of inflammatory cells in different
compartments of the airway. BAL primarily samples the alveolar compartment, whereas
sputum is derived mainly trom the bronchioles and bronchi that are atfected in the asthmatic
process, and contain granuloceytes, the terminal cells involved in the intlammatory progess.
Despite these ditferences. the percentage of eosinophils in induced sputum and
bronchoalveolar lavage and bronchial biopsies are significantly correlated with one another
(Fahy ¢t al, 1995b; Maestrelli ¢t af, 19995).

Sputum is induced by inhalation ot nebulized hypertonic saline which enhances
clearance of seeretions trom the lung (Pavia ¢t al, 1978: Robinson ¢t al, 1994). Cell
differentials from sputum samples are not attected by the induction process alone (Pizzichini
et al, 1996: Fahy et al, 1995b) choice of nebulizer (Popov ¢t al, 1995). concentration of
hypertonic saline (Bacet etal, 1996: Popov et al, 1995: Iredale ¢t al, 1994), pretreatment with
salbutamol (Popov ¢t al. 1995) or processing technique (plugs vs whole sample method)
(Pizzichini ¢t al, 1996b; Peleman ¢t al, 19935; Gershman et al, 1996) permitting valid
comparisons to be made between laboratories.  Furthermore, homogenization with
dithiothreitol to break apart mucus plugs does not alter the proportion ot cells or signiticantly
interfere with measurements of cell surface markers or intracytoplasmic markers of
intflammation or the measurement of proteins in tluid phase supernatants detected by
immunocytochemistry (Etthimiadis ¢t al, 1997; Kidney ¢t al, 1994; Girgis-Gabardo ¢t al,

1994: Hoshi et al, 1995).
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Sputum induction with hypertonic saline has the advantage of being a safe (Wong ¢t
al, 1997) non-invasive procedure, and samples may be obtained on multiple occasions from
the same subject (Gibson et al, 1989: Pin ¢t al, 1992) with a success rate >80% (Pin ¢t al,
1992: Fahy ¢tal, 1993; Popov etal, 1993). Cell counts and tluid phase measurements trom
stable asthmatic subjects are reproducible (In't Veen ¢t al, 1996: Pizzichini ¢t al, 1996¢;
Spanavello et al, 1996). with good intra- and inter-observer consistency (Iredale ¢t af, 1994;
Pizzichini ¢t al, 1996c¢). which however decreases with increasing contamination ot the
sample with squamous cells (Efthimiadis ¢t_af, 1995). Successive sputum inductions,
however, appear to elevate the proportion of neutrophils in subsequent samples (Kips ¢t al,
1995; Holtz ¢t al, 1997), and increase bronchial hyperresponsiveness (Baccet ¢t al, 1996),
which implies release of inflammatory mediators. This must be considered when evaluating
cell counts and soluble markers tollowing repeated sputum induction, and controlled for in
the study design.

Sputum sampling is a valid measure of underlying airway intflammation. Using
comparisons between asthmatics, COPD and healthy subjects. the content validity has been
investigated. Content validity (comparisons between disease states) is more valuable than
criterion validation (comparisons with other sampling techniques), as it allows tor inference
all based on measurements ot sputum (O'Byrne and Inman, 1996). Induced sputum has been
useful to define airway disease by clearly ditferentiating between asthmatics, COPD and

healthy subjects (Fahy et af, 1993: Pin ¢t al, 1992: Keatings et al, 1996; Pizzichini ¢t al,
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1996¢; Gibson ¢t al, 1989; Ronchi ¢t al, 1996). Sputum composition has been shown to
retlect asthma severity (Pizzichini ¢t al, 1996c¢; Baigelman et af, 1983; Ronchi ¢t al, 1997
Kips et al, 1996; Foresi et al, 1997), responds to factors known to aftfect the degree of airway
intflammation, such as anu-intflammatory drugs (Claman ¢t al, 1994; Brown ¢t af, 1958;
Gibson ¢t al, 1993; Keatings ¢t al, 1997: Gauvreau ¢t al, 1996: Pizzichini ¢t al, 1997) and
allergen inhalation challenge (Fahy et al, 1994, Pin et al, 1992b: Keatings ¢t al, 1997b), and
demonstrates the eftects of asthma therapies on allergen-induced airway inflammation
(Wong ¢t al. 1992; Pizzichini ¢t g, 1996d; Gauvreau ¢t al, 1996 Gauvreau ¢t g, 1997
Kidney ¢t al, 1997). Disadvantages of using induced sputum include the lag time between
clinical symptoms and expectoration of sputum, which may explain why changes in
cellularity do not always correlate with svmptom severity. Furthermore, measurements of
inflammatory cells from induced sputum do not accurately retlect non-granulocytic
inflammatory cells involved in airway inflammation, such as lymphocytes and mast cells
which are typically tissue-associated ettector cells and appear only in low levels in the
sputum.

Sputum is being used to measure cytokines and cell mediators as markers of
inflammation to improve the current understanding of the inflammatory mechanisms of
asthma (In't Veen et al, 1996: Pizzichini ¢t ], 1996¢: Fahy et al, 1993 Louis et al, 1997,
Keatings ¢t al, 1996; Keatings ¢t al, 1997b. Adachi ¢t al, 1996; Pizzichini ¢t al, 1997b:

Kurashima gt al, 1996: Konno ¢t al, 1996; Hos'i et a], 1995; Gelder gt al, 1995). Phagocyte
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ingestion ot apoptotic cells and proteins from activated granulocytes as observed in bronchial
biopsies (Adelroth et al, 1994 Cox et al, 1995; Stern ¢t af, 1992) may be exaggerated in
sputum containing apoptotic cells being cleared tfrom the airways, and intertere with the
evaluation of intracetlular cytokines and proteins.  Most proteins are present in higher
concentrations in sputum supernatant than BAL fluid. permitting measurements which would
otherwise be below the detection limits of the assays.

Measurements of airway intflammation can be made repeatedly from sputum samples
tollowing allergen inhalation challenge. permitting examination ot the Kinetics of allergen-
induced airway inflammation. Furthermore, allergen-induced airway intflammation can be
compared following treatment with asthma therapies. We have employed this model to
investigate the pro- or anti-inflammatory properties ot asthma therapies known to result in
enhancement or protection of allergen-induced asthmatic early and late responses and airway
hyperresponsiveness.

Overall Hypothesis:

Allergen-induced late responses and airway hyperresponsiveness are caused by the
presence of an increased number of activated airway eosinophils and mast cells after allergen
inhalation.

Specific Hypotheses:

Drugs known to inhibit the physiological responses to allergen inhalation will attenuate

airway eosinophil and mast cell inflammation. while drugs known to enhance allergen-
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induced physiological responses will enhance airway eosinophil and mast cell inflammation.

That:

a)

b)

regular treatment of inhaled corticosteroid or inhalation of prostaglandin E,
immediately betore allergen inhalation will inhibit the allergen-induced late
response and increased airway hyperresponsiveness, and also. will inhibit
allergen-induced increase in the number of eosinophils, activated eosinophils
in induced sputum.

regular treatment with f,-agonist will enhance the allergen-induced airway
responses, and increase the number of cosinophils and activated cosinophils

appearing in sputum after allergen inhalation.
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CHAPTER 2:
KINETICS OF AND REPEATABILITY OF ALLERGEN-INDUCED AIRWAY

RESPONSES AND AIRWAY INFLAMMATION

Abstract

Allergen inhalation challenge has been shown to be a sensitive clinical model to
investigate the ettects of asthma therapies on allergen-induced airway eosinophilia. Several
cytokines, such as IL-3, eotaxin and RANTES are implicated in tissue eosinophilia,
coordination of these cytokines seems to be necessary to support the different stages of
eosinophil extravasation including adhesion, chemotaxis and activation. We investigated the
reproducibility of allergen-induced asthmatic and airway inflammatory responses, and
predicted the subject sample size required to demonstrate protection by asthma therapies.
Each of 16 subjects completed two allergen inhalation challenges using the same dose of
allergen on both occasions. Eight atopic asthmatics demonstrating a dual response to inhaled
allergen completed a diluent-controlled cross-over study to characterize the kinetics of
allergen-induced inflammatory cell recruitment to the airways, with particular attention to
the involvement of cytokines selective tor eosinophil chemotaxis and activation. Baseline
measurements of FEV . the provocative concentration of methacholine causing a 20% fall

in FEV, (PC,), and ditferential cell counts from induced sputum were determined the day
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before and the day after the inhalation challenges. The FEV, was measured for 7 hours
tollowing challenges, and sputum samples were obtained at 7 hours.  To investigate the
kinetics of the response. PC,, was measured and sputum collected until 7 days following
challenge. Subjects demonstrated signiticant early and late airway responses to allergen
(p~0.05), and an allergen-induced increase in the number of eosinophils and metachromatic
cells in sputum (p<0.05). The number of cosinophils immunopositive tor IL-5, eotaxin and
RANTES increased at 7 hours tollowing allergen inhalation (p<0.05), coincident with a peak
in the number of activated (EG2-positive) eosinophils. The intraclass correlation (IC) for
maximal late tall in FEV, was 0.32, and for the arca under the curve of the late response was
0.61. The sample size predicted to be necessary to observe 50% attenuation of both the
maximal late tall in FEV, and the late AUC with a power ot 0.9, is 8 subjects. The IC for
% allergen-induced sputum eosinophils was 0.60 and 0.53 for 7 hours and 24 hours.
respectively. The sample size predicted to be necessary to observe a 50% attenuation of %
allergen-induced cosinophils using a randomized cross-over study design, is 4 subjects.
These results contirm the presence of cyvtokines specitic tor the activation and chemotaxis
of cosinophils, and the data suggest that co-operation of these cytokines may be important
for the accumulation of activated cosinophils at the site of allergic intflammation.
Understanding regulation of tissue eosinophilia may be important to develop new therapies
tor the control of allergic asthma. Allergen inhalation challenge with measurements of

cosinophils in sputum is a non-invasive and sensitive method for assessing the eftectiveness
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of anti-inflammatory asthma therapies.

Introduction

Eosinophilic nfiltration into affected tissue is one of the hallmarks of allergic
inflammation. Airway cosinophilia has been demonstrated in asthmatics when compared to
normal controls, (1, 2), and may be turther enhanced in the airways of atopic asthmatics
following allergen inhalation challenge (3.4.5) in association with development of a late
airway bronchoconstrictor response to allergen and airway hyperresponsiveness to
methacholine (6.7.8).

Allergen inhalation challenge in atopic, mild asthmatics is commonly used as a model
of allergic asthma. This model has provided a reproducible measurement of early and late
responses as measured by maximal tall in FEV, (9,10), and has proven to be a useful model
to assess bronchoprotective etfects of asthma drugs (11,12,13) and the relative potency of
inhaled corticosteroids (14). Furthermore, allergen inhalation challenge has been shown to
be a sensitive clinical model to investigate the etfects ot asthma therapies on allergen-
induced sputum cosinophilia in asthmatics (6.7.15), however, the repeatability of allergen-
induced inflammation in sputum has not been investigated. As sputum cosinophilia is
currently being utilized as a primary outcome variable in studies investigating the potential
anti-inflammatory role of asthma drugs on allergen-induced airway inflammation, it is

necessary to determine the repeatability ot these measurements, and the predicted sample
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size necessary to observe statistically signiticant attenuation of sputum eosinophils following
allergen challenge.

The kinetics of allergen-induced airway eosinophilia has been investigated in BAL
fluid (3), however the invasive nature of the procedure restricts the number of samples
obtainable. Advantages of sputum examination include the ability to obtain repeated. non-
invasive samples of airway secretions, which is more appropriate than a single time point
measurement for examination ot intflammatory cell kinetics.  Furthermore. we have
demonstrated by immunocytochemistry, increased inflammatory markers in sputum
tollowing allergen (6. 7). in particular, those associated with eosinophil activation and
chemotaxis (16).

Regulation of cosinophil recruitment to allergic tissues is an area of study that has
not been clarified. Tissue cosinophilia is likely due to a combination ot several rather
specific and co-ordinated cetlular processes appearing at the different stages ot eosinophil
extravasation including adhesion, chemotaxis and activation (17). Several cytokines are
implicated in cosinophilia. [L-5 was first described as a factor important for proliferation
and difterentiation of bone marrow eosinophils (18). and is known to prime eosinophils (19)
and prolong their survival (20). Chemokines selective for eosinophils include eotaxin and
regulated upon activation in normal T-cells. expressed and secreted (RANTES), which
induce chemotaxis as well as specifically activate eosinophils (21.22). Studies jn_vitro have

demonstrated specificity of these eosinophil-selective cytokines in the attraction and



activation of eosinophils, and furthermore, support their participation for the specitic
recruitment of cosinophils to the airways of asthmatics [n vivo.

Understanding the mechanisms of eosinophil recruitment to the airways and targeting
pathways critical tor regulation of eosinophil chemotaxis and activation will aid in the
development of new anti-inflammatory agents for the treatment ot asthma. Using high dose
allergen inhalation challenge as a model ot asthma exacerbation. we have characterized the
kinetics of inflammatory cell recruitment to the airways, with particular attention to the
involvement of cytokines selective tor eosinophil chemotaxis and activation, and cytokines

known to regulate the TH2-type intlammatory response.

Methods
Subjects

Eight subjects were selected to examine the kinetics ot allergen-induced airway
inflammation. The sample size 0 examine the Kinetics of airway inflammation was
considered sutficient, as previous studies have shown that 8 or more subjects can
demonstrate allergen-induced airway intflammation assessed with induced sputum using the
same methodology employed in this study (6,7). In addition, the data from 16 subjects who
had completed 2 allergen inhalation challenges using the same dose of allergen were used
to examine the repeatability of allergen-induced airway responses and inflammatory cells

measured from induced sputum. All subjects were non-smoking with mild atopic asthma,
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selected because they demonstrated an allergen-induced early and late airway response of at
least 15% reduction in the torced expiratory volume in | second (FEV,). Signed informed
consent was given to participate in the studies, which were approved by the Ethics
Commuittee of McMaster University Health Sciences Center. Subjects were not exposed to
sensitizing allergens and did not have asthma exacerbations or respiratory tract intections for
at least tour weeks prior to allergen challenges.  All subjects had stable asthma with FEV,
greater than 70% of predicted normal on all study days betore challenge to the airways, and
used no regular medication other than infrequent (<twice weekly) inhaled ,-agonist as
required to treat their symptoms.  All medications were withheld tor at least 8 hours before
each visit, and subjects were instructed to retrain from rigorous exercise, tea or cottee in the
morning before visits to the laboratory.

Study Desig

Inflammatory Cell Kinetics.  Eight subjects completed an allergen and a diluent
(0.9% saline) inhalation challenge. Each challenge study period consisted of 6 visits to the
laboratory. Baseline measurements of” FEV . the provocative concentration of methacholine
causing a 20% fall in FEV  (PC,), and inflammatory cell counts trom induced sputum were
determined the day betore the inhalation challenge. Inhalation challenge was carried out the
tfollowing morning. and the FEV, was measured for 7 hours tollowing challenge. Sputum
samples were obtained at 7 hours. during the late response. Sputum could not be induced

earlier than 7 hours. because of the requirement of pretreatment with inhaled B,-agonists
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betore sputum induction, which would interfere with subsequent measures of FEV,.
Methacholine PC,; and sputum samples were obtained again at 24 hours, 2 days, 4 days. and
7 days tollowing challenge.

Repeatability of Airway Kesponses Sixteen subjects completed 2 allergen inhalation
challenges using the same dose of allergen on both occasions.  Allergen challenges were
separated by at least 3 weeks, and not more than 11 months. Each allergen challenge
consisted of 3 visits to the laboratory (baseline, allergen inhalation and 24 hours post-
allergen) and measurements ot FEV,, PC,; and sputum were determined as described earlier.
l.h).),)()‘. W

Methacholine Inhalation Test Methacholine inhalation challenge was pertormed as
described by Cockeroft (23). Subjects inhaled normal saline, then doubling concentrations
ot methacholine phosphate from a Wright nebulizer for 2 minutes. FEV, was measured at
30, 90, 180 and 300 seconds after cach inhalation. Spirometry was measured with a Collins
water sealed spirometer and kymograph. The test was terminated when a tall in FEV, of
20% of the baseline value occurred, and the methacholine PC,, was calculated.

Allergen and Diluent Inhalation Challenge Allergen challenge was performed as
described by O'Byrne and colleagues (8). The allergen producing the largest skin wheal
diameter was diluted in 0.9% saline tor inhalation. The concentration of allergen extract tor
inhalation predicted to cause a 20% early fall in FEV, was determined from a formula

described by Cockerott (24) using the results trom the skin test and the methacholine PC,,.
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The starting concentration of allergen extract for inhalation was two doubling concentrations
below that predicted to cause a 20% ecarly fall in FEV |, and doubling concentrations of
allergen were inhaled until a 20% early fall in FEV, was reached. The FEV, was measured
at 10 minutes. then again at 20. 30, 40, 30, 60. 90 and 120 minutes post allergen inhalation,
then each hour until 7 hours. The early airway response was taken to be the largest fall in
FEV, within 2 hours after allergen inhalation, and the late airway response was taken to be
the largest fall in FEV, between 3 hours and 7 hours after allergen inhalation. Only subjects
who developed a late fall in FEV, of at least 15% were used in the study. The area of the
response was determined during the carly (0-2 hours) and late (3-7 hours) response by
plotung the response using graphics sottware (Fig P., Fig P Software Corporation, Durham,
NC), which calculated the area of the FEV -time response (AUC).  The diluent challenge
was similar to allergen challenge. with 0.9% saline inhaled rather than allergen.

Sputum Analyvsis Sputum was induced and processed using the method described by
Pizzichini and co-workers (25). Subjects inhaled 3%, 4% then 5% saline for 7 minutes each.
The induction was stopped when an adequate sample was obtained, or if the FEV, dropped
20% from baseline. Cell plugs with little or no squamous epithelial cells were selected from
the sample. separated from saliva. and weighed. Samples were aspirated in 4 times their
volume of 0.1% dithiothreitol (Sputolysin. Calbiochem Corp. San Diego, CA) and 4 times
their volume of Dulbecco’s phosphate buftered saline (DPBS) (Life Technologies Inc., Grand

Island, NY). The cell suspension was filtered through a 52 pm nylon gauze (BNSH
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Thompson, Scarborough, Ont.. Canada) to remove debris. centrifuged at 1500 rpm for 10
minutes. Supernatant was removed and stored at -70°C.  The total cell count was
determined using a Neubauer hemocytometer chamber (Hausser Scientific, Blue Bell, PA)
and expressed as the number ot cells per ml sputum. Cells were resuspended in DPBS at
0.75-1.0x10°’/ml and cytospins were prepared on glass slides using 50 pi ot cell suspension
and a Shandon III cytocentritfuge (Shandon Southern Instruments, Sewickly. PA), at 300 rpm
tor 5 minutes. Ditferential cell counts were obtained from the mean ot two slides with 400
cells counted per slide stained with Dift Quik (American Scientitic Products. McGaw Park,
[L). The same observer counted all study slides. with a high reproducibility of the cell
counts using these methods (23). Metachromatic cell (MCC) (mast cells and basophils)
counts on slides stained with toluidine blue. were obtained from the mean ot two slides with
1500 cells observed on each slide.

Cytospins were also prepared on aptex coated slides and fixed tor 10 minutes in
periodate-lysine-paratormaldehyde for immunocytochemical staining. Slides were stained
with murine monoclonal antibodies to human ECP at 1.0 ug/ml (EG2) (Kabi Pharmacia,
Uppsala, Sweden), IL-5 and RANTES at 30.0 ug/ml, eotaxin at 100 ug/ml (R&D Systems,
Minneapolis. MN). All antibodies were diluted in 1.0% bovine serum albumin (Sigma
Chemical Co, St. Louis. MO) in wash butter made up ot DPBS. 0.01M HEPES butfer (Life
Technologies Inc.. Grand Island, NY) and 0.01% saponin (Sigma Chemical Co, St. Louis,

MO). Brietly, slides were incubated overnight with anti-human monoclonal primary
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antibodies and protein was detected the tollowing day by the alkaline phosphatase anti-
alkaline phosphatase (APAAP) method (26) using rabbit anti-murine or rabbit anti-rat
secondary antibodies, and murine APAAP tertiary antibodies (DAKO, Denmark). Non-
specitic staimng ot the primary and secondary antibodies were blocked by incubation with
75% human AB serum and 25% normal rabbit serum (Sigma Chemical Co, St. Louis, MO)
diluted in wash butfer. Negative isotype controls (murine IgG,, Sigma Chemical Co. St.
Louis, MO) were included using the same concentration as the primary antibody. Calcium
tonophore-stimulated human peripheral blood eosinophils and lipo-polysaccharide-
stimulated human peripheral blood mononuclear cells were included as positive controls.
The percentage of positive immunoreactive cells was determined from a count of 400 cells
under light microscopy. To demonstrate specific staining of eosinophils, all slides were
double stained with tluorescein isothiocyanate (FITC) (Sigma Chemical Co, St. Louis, MO),
a specific stain tor eosinophils (27.28.29). for 10 minutes at a concentration of 10 ug/ml.
Immunopositive eosinophils were enumerated using a florescence microscope, from a count
of 400 cells.

Eotaxin was also measured in duplicate in sputum supernatant using a quantitative
sandwich enzyme immunoassay technique and a monoclonal antibody specitic for eotaxin
(R&D Systems, Minneapolis. MN).  The sensitivity of the assay was 5 pg/ml
Concentrations ot eotaxin were determined by constructing a standard curve with a range

12.5 pg/ml to 1000 pg/ml.
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Statjstic alysis

Summary statistics are expressed as mean and standard error of the mean (SEM),
with the exception of methacholine PC,, measurements which are expressed as geometric
mean and geometric standard error of the mean (GSEM). Methacholine PC,, measurements
were made by linear interpolation of log dose response curves resulting in logarithmic values
for PC,,. which were then subjected to statistical analysis.  The allergen-induced shift
(change trom baseline) in PC,, and sputum inflammatory cells were analyzed using repeated
measures ANOVA (30). Data not normally distributed (MCC) were log-transtformed prior
to analysis.  The allergen-induced EAR and LAR (maximum % fall and AUC) were
compared to diluent challenge using Student's paired t-test. The repeatability of allergen-
induced changes were assessed by the reliability coetficient (intraclass correlation
coetticient) as the proportion in the variance between the two measurements compared to the
variance between subjects (31). The relationships between variables were compared using
the correlation coefficient. Sample size estimates for non-repeated measurements (early and
late responses) were predicted using the variance of the difterence between challenge | and
challenge 2 (32). Sample size estimates tor repeated measurements (sputum inflammatory
cells) were predicted using the time/challenge interaction error term from ANOVA tables as

an estimate of variance.
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Results

infla tory Cell Kinetics

Airway All 8 subjects demonstrated a dual response to allergen, with a maximal tail
in FEV, o1 36.1% £ 3.2 %% during the carly response (p<0.001), and 26.3% £ 2.0 o during
the late response (p<0.001) (Figure 2.1). The allergen-induced change in FEV, was
significantly lower than diluent control tor 2 days (p<0.05) (Figure 2.2). and there was
significant increase in non-specific airway responsiveness measured by methacholine PC,,
tollowing allergen compared to diluent tor 7 days (p<0.003) (Figure 2.2).

Sputum  The total sputum cell count did not increase tollowing allergen challenge
compared to diluent (p=0.76). There was an allergen-induced change trom baseline of the
percent sputum inflammatory cells including ?% cosinophils (p=0.02), % metachromatic cells
(p=0.01). % neutrophils (p=0.004) and % macrophages (p=0.01) (Table 2.1). There was a
significant allergen-induced increase in the number of cosinophils tor 7 days (p<0.02) and
EG2-positive eosinophils for 2 days (p=0.02) (Figure 2.2) in sputum compared to diluent
challenge. Metachromatic cells in sputum increased significantly following allergen
(p=0.01), being maximal at 7 hours (range 0.4 x10*/ml - 62.8 x10*ml) and remained higher
than diluent tor 7 days (Figure 2.2). There was no difterence in the number ot neutrophils
(p=0.11) or mononuclear cells (p=0.59) tollowing diluent or allergen challenge. There were
no significant correlations between the numbers of inflammatory cells and airway physiology

(p>0.05) measured betore or after allergen challenge.
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Slides stained by immunocytochemical methods demonstrated a specific positive
signal. as we did not observe a positive signal on the isotype-matched negative control slides.
We observed eosinophils and neutrophils to be immunopositive tor eotaxin, IL-5 and
RANIES, and mononuclear ceils (macrophage/monocytes and lymphocytes) to be
immunopositive for eotaxin and [L-5. There were no significant increases in the number of
sputum cells immunopositive for RANTES, eotaxin or 1L-5 following allergen challenge
(Figure 2.3). By ELISA, we were not able to detect eotaxin in baseline samples ot sputum
supernatant. At 7 hours. however, we detected eotaxin in sputum supernatant from 2
subjects (103 pg/m! and 173 pg/ml). but not at any other time point.
There was a significant allergen-induced increase in the number of sputum
cosinophils immunopositive for eotaxin at 7 hours (p=0.0002). tor [L-3 tfrom 7 to 24 hours
(p=0.01). and tor RANTES at 7h (p=0.0002). Pcak immunopositivity coincided with the

maximal number ot EG2-positive eosinophils, which occurred 7 hours following allergen

challenge (Figure 2.3).

Sixteen subjects completed 2 allergen inhalation challenges using the same dose of
allergen on both occasions. Challenges were separated by at least 3 weeks and no more than
11 months. Most subjects completed both challenges within 2 months (n=9), with others 2
to 6 months (n=6) and 6 to {1 months (n=2)

Airway The maximal early fall in FEV, was 27.2% + 2.3% and 28.9% + 2.4% for
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challenge 1 and 2. respectively, with an intraclass correlation (IC) ot 0.40. The maximal late
fall in FEV, was 24.8% = 1.6% and 23.9% % 2.5% for challenge | and 2, respectively, with
an [C of 0.32 (Figure 2.4). The area of the late response was also repeatable, being 51.6 +
5.0uand 48.7 = 7.5, with i{C=0.01. The sample size predicted 1o be necessary to observe 30%
attenuation of both the maximal late fall in FEV, and the late AUC with a power 0o 0.9, is
n=8 (Figure 2.4).

The methacholine PC,, decreased from baselines of 1.6 mg/ml (GSEM 1.3 mg/ml)
and 2.1 mg/ml (GSEM 1.3 mg/ml) 1C=0.70, t0 0.5 mg/ml (GSEM 1.3 mg/ml) (p<0.001). and
to 1.1 mg/ml (GSEM 1.3 mg/ml) (p<0.002) (IC=0.51) following challenge 1 and 2.
respectively (Figure 2.3).

Sputum The number of sputum eosinophils increased significantly trom baseline
tollowing both the Ist and 2nd allergen challenges (p<0.001). increasing trom 11.4
2.3x10%mland 12.5 = 4.3x10¥ml (IC=0.36). to 1 14.1 £ 36.2x10*ml and 78.9 + 18.4x10*/ml
at 7 hours (IC=-0.02) and to 192.1 £ 45.8x10*/ml and 91.4 + 16.8x10*/ml at 24 hours
(1C=0.34). The mean percent sputum cosinophils and [C are shown in Figure 2.5. The
percent eosinophils increased significantly tollowing allergen (p<0.001) with higher
reproducibility than the absolute number of cosinophils (Figures 2.6 and 2.7). The sample
sizes predicted to be necessary to observe a 50% attenuation in the sputum eosinophils
following allergen inhalation, using a power level of 0.9, are n=4 and n=17, for eosinophils

expressed as percentages and absolute numbers. respectively (Figures 2.6 and 2.7).
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The number of metachromatic cells increased significantly following allergen
(p=0.004), from 1.9 £ 0.8 x10*/ml and 2.0 £ 0.8 x10°/ml at baseline (IC=0.16). to 15.2 £ 6.8
x10”mland 12.3 £ 4.5 x107ml at 7 hours tollowing challenge (IC=0.17). and to 26.4 £ 5.6
xivmi and 20.7 = 8.4 xiumi at 24 hours roifowing chailenge (1C=0.12). lhe mean
percent metachromatic cells and 1C are shown in Figure 2.5, The percent metachromatic
cells increased signiticantly following allergen (p<0.001) with higher post-allergen
reproducibility than the absolute metachromatic cell counts.

The absolute number ot neutrophils did not change following allergen (p=0.30),
however the percent neutrophils decreased signiticantly (p=0.03) trom 47.0 £ 1.3% and 46.0
= 1.5% betore, to 37.7 £ 1.3% and 35.1 £ 1.4% at 24 hours following the Ist and 2nd
allergen challenges. respectively.

Ihere was a significant correlation between the maximal % tall in FEV, during the
late response and the allergen-induced increase in the percentage of sputum cosinophils 7 and
24 hours following allergen (p=0.03, p<0.001, respectively) (Figure 2.8). There was a
signiticant correlation between the baseline methacholine PC,, and sputum ecosinophils

(p=0.006), however this relationship was not present following allergen inhalation.

Discussion
This study describes, for the tirst time, the allergen-induced kinetics ot inflammatory

cells, IL-5, RANTES and eotaxin in the airways of asthmatics. We have demonstrated
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maximal numbers of activated cosinophils, metachromatic cells, and ecosinophils
immunopositive for eotaxin and RANTES and IL-5 occur at 7 hours following allergen
challenge. Furthermore, we have demonstrated that allergen-induced sputum cosinophilia
1s a reproducible measurement which corresponds significantly to the magnitude ot the
allergen-induced late airway response.

[n our investigation of allergen-induced inflammatory cell Kinetics, inhalation of
allergen resulted in a maximal fall in FEV, ot 36.1°% = 3.2 %% during the early response, and
26.3% = 2.0 %6 during the late response. These airway asthmatic responses are similar to
those observed in previous studies trom this laboratory (6.7).  Allergen chalienge had
prolonged eftects on measurements ot airway physiology. such as FEV | and methacholine
PC,,. Prolonged allergen-induced airway hyperresponsiveness has been demonstrated
previously (33.34). Methacholine PC,, has been shown to correlate with sputum cosinophils
in asthmatics (33), possibly as a result of damage to the airway epithelium by eosinophils
(36.37).

The number of cosinophils remained elevated for 7 days following allergen
inhalation. demonstrating prolonged ettects of the allergen challenge on eosinophil
recruitment to the atrways. The number of EG2-positive eosinophils, however, remained
elevated tor only 24 hours following challenge. suggesting that eosinophil recruitment alone
does not necessarily lead to their activation. We have demonstrated increased numbers of

eosinophils immunopositive for IL-5 for 24 hours following aliergen challenge, suggesting
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that participation of activating cytokines. such as IL-5. may be necessary for recruited
eosinophils to become activated. In asthmatics. EG2-positive eosinophils have been shown
to express 1L-3 receptor a-chain. further supporting this notion (38).

Intlux ot cosinophtls into the airway 15 thought to be partly a result ot release ot
cosinophil-attracting/activating cytokines. The number of activated cosinophils peaked 7
hours tollowing allergen challenge. coincident with maximal immunopositivity of
cosinophils tor eotaxin, IL-5 and RANTES. The number ot cosinophils immunopositive tor
cotaxin and RANTES were only significantly increased 7 hours tollowing allergen,
demonstrating participation of airway cosinophilia by cotaxin and RANTES no longer
contribute signiticantly 24 hours after challenge. High circulating levels of eosinophils may
be necessary tor chemoattraction by chemokines. [L-3 demonstrated a longer association
with allergen-induced airway cosinophilia, maintaining increased immunopositivity by
cosinophils until 24 hourss after challenge.

We did not detect a significant overall increase of [L-3 immunopositive cells in
sputum following allergen challenge. This is most likely due to lack of statistical power, but
may be interpreted in several other ways. Immunocytochemistry is unable to distinguish
between intracellular protein (synthesized. stored or phagocytosed), and extracellular protein
(receptor-bound). The majority of post-allergen eosinophils are immunopositive for IL-5,
which may be due to expression ot [L-5 by cosinophils themselves, receptor-bound IL-5

released from other cells in sputum, or receptor-bound IL-5 expressed by cells distal to the
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airway. IL-3 has been reported to be synthesized by cells in the sputum of asthmatics (39)
and is elevated in sputum supernatant of atopic asthmatics 24 hours following allergen
challenge (40), supporting allergen-induced release it IL-5 by cells in the airway. suchas T
lymphocytes and eosinophils (41.42). Recent work in mice. however, has proposed a role
of IL-5 distal to the airway. Systemic IL-5 may contribute to local cosinophil accumulation
by releasing the cosinophil from the bone marrow, priming, and/or facilitating migration
through the microvascular endothelium (43.44), and may be more relevant than the IL-5
measured downstream in the sputum. That we did not measure an overall increase in
intracellular 1L -5 tollowing allergen suggests [L-3 in sputum is best measured in tluid phase
supernatant.

The number of cosinophils immunopositive for eotaxin and RANTES were
significantly elevated 7 hours following allergen challenge. We did not, however, detect a
significant overall increase in the number of sputum cells immunopositive for these
chemokines. most likely due to a lack of statistical power. Known producers of chemokines
include airway epithelial and endothelial cells. As these structural cells do not commonly
appear in samples of sputum, increased expression of eotaxin and/or RANTES by these cells
by immunocytochemistry would not be retlected in sputum. We did not observe RANTES
immunopositive mononuclear cells, suggesting either it is not chemotactic for mononuclear
cells at this concentration. or that the mononuclear cells require a priming signal rendering

them responsive to RANTES, as [L-5 priming of eosinophils increases chemotactic
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properties of RANTES on eosinophils (45). RANTES is found in higher levels in sputum
supernatant of asthmatics compared to normal controls (46), suggesting fluid phase
measurements may better reflect the levels of RANTES and eotaxin in the allergen-
challenged airway.

We were able to detect eotaxin in sputum supernatant at 7 hours following challenge,
however, we may be grossly underestimating the level ot eotaxin in our samples. Processing
of the sputum sample requires a dilution ot the sample (9 X) allowing only detection of
cotaxin levels greater than 43 pg/ml (sensitivity 5 pg/ml). Detection of eotaxin in the 100-
200 pe'ml level only 7 hourss following challenge suggests that there is indeed an allergen-
induced increase in the level of eotaxin in the human airway.

Eotaxin 1s associated with early tissue recruitment and activation of eosinophils (47).
where allergen-induced expression of eotaxin by lumen-associated cells determine a tissue
gradient in the airway for recruitment through the tissues and into the airway lumen. In the
guinea pig, mRNA is rapidly induced in airway epithelium and alveolar macrophages 3 hours
tfollowing allergen (47). suggesting our measurements in sputum at 7 hours tollowing
challenge may be too late to measure allergen-induced increases of eotaxin intracellularly.

The number of metachromatic cells increased signiticantly following allergen,
however, with a much higher allergen-induced number than previously reported using the
same method for sputum processing and staining (6.7). Detection ot metachromatic cells

using the toluidine biue stain. is dependent upon retention of granule proteins within the mast
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cells/basophils. Degranulation of metachromatic cells is possible tollowing allergen
challenge, thus staining of metachromatic granules within cells may underestimate the actual
number of mast cells (48).

[ here 1s no consistent evidence tor allergen-induced neutrophilia in the airways ot
asthmatics (3.6.40), and we did not observe an effect of allergen on the number of
neutrophils in sputum. [f the neutrophil is involved in the airway response to inhaled
allergen. it may retlect an early. non-specific response which occurs with acute tissue injury
(49), unlike the prolonged eosinophilia which occurs in response to specific allergic stimuli.
The percent of sputum neutrophils (the ratio of neutrophils to other cells) was significantly
clevated above baseline tollowing diluent challenge. which may retlect the etfects of
repeated sputum induction (30.51). However. the absolute number of neutrophils (the load
of neutrophils in the airway) remains unaffected by diluent challenge. and may be more
relevant since it is not dependent upon tlux ot other cells. as does the percentage.

Although we observed neutrophils immunopositive tor RANTES, this chemokine
does not appear to be recruiting neutrophils to the airways. Allergen-inhalation has also been
shown to increase the level of [L-8 in sputum without increasing the number ot sputum
neutrophils (16). A neutrophilic response to these potent neutrophils chemoattractants may
require a co-stimulus, such as adhesion molecules or cytokines which prime neutrophils. but
are not present in the airway following allergen challenge.

High reproducibility of the allergen-induced late response requires careful
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administration ot a suitable dose ot relevant allergen. and airway stability of the subjects
studied. Subjects enrolled in allergen challenge studies in our laboratory are characterized
as stable, mild asthmatics with FEV, greater than 70% of predicted. [t is important to carry
out allergen inhalation studies when subjects are not attected by seasonal allergies, and to
minimize the washout time between repeated allergen challenges to eliminate the possibility
of scasonal shifts in airway reactivity. In the investigation of repeatability of the allergen-
induced airway responses, the average washout time between challenges was 3.4 months, yet
the allergen-induced airway responses were remarkably consistent, indicating these subjects
had stable asthma.

The late airway response to allergen is measured by recording the maximal fall in
FEV, occurring between 3 and 7 hours following allergen, or by constructing a FEV ,-time
curve and measuring the area under the curve from 3 to 7 hours following allergen. We
compared the reproducibility of the late response measured by maximal fall in FEV, and
AUC to determine if AUC is a more sensitive indicator of the magnitude of the late response
than a single time-point maximal fall in FEV,. The higher [C for the AUC demonstrated this
is indeed a more reproducible measurement than the maximal fall in FEV |, however, the
sample sizes predicted to be necessary to achieve a significant attenuation of the late
response by either of these measurements are identical; the sample size predicted to be
necessary for a 50% attenuation at a power level of 0.90. in late maximal fall in FEV, and

for AUC is 8.
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We have demonstrated that there is an inverse relationship between the magnitude
of the late response to allergen, and the magnitude of airway eosinophilia (21). Eosinophils
and ECP levels have also been inversely correlated with impairment ot FEV, (25,53.54).
Eosinophils may release cytotoxic mediators, such as ECP and MBP, which are shown to
be elevated in the airways ot asthmatics (36) and may lead to airway damage (53).

Eosinophils and MCC have been implicated as major participants in [gE-driven
allergic disease. Both of these cell types increase in the airway tollowing allergen inhalation,
and bear receptors tor [gE. We demonstrate an allergen-induced increase in the number of
sputum cosinophils and metachromatic cells, suggesting these cells have a defined role
during the allergic asthmatic response.

The allergen-induced cosinophilia is an important measurement when assessing the
anti-inflammatory properties of asthma drugs, and it is necessary to determine the clinical
feasibility of including this measurement in clinical trials. Based on estimates of variance
using repeated measures ANOVA, the sample size necessary to achieve a 50% attenuation
in the number of sputum cosinophils following allergen with a power o' 0.90, is 17 subjects,
and with a power level o 0.70 is 10 subjects (Figure 2.7). This sample size estimation is
consistent with previous work from our laboratory where we demonstrated with 7 subjects
that | wk treatment with inhaled steroid can reduce allergen-induced airway eosinophilia by
approximately 50% (6). and with 10 subjects that | wk treatment with inhaled albuterol can

increase allergen-induced airway eosinophilia at 7 hours by over 50% (7).
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Repeated measures ANOVA is a powertul statistical tool in a randomized cross-over
study design. When applied to measurements of eosinophils in sputum, repeated measures
ANOVA allows tor practical sample sizes to demonstrate attenuation in the number of
sputum cosinophils. [f, tor example, the number of allergen-induced eosinophils were
measured at only one time point (ie. 7 hours or 24 hours) tollowing challenge, the predicted
sample size required to statistically demonstrate a 50% reduction in the number of
eosinophils. using a paired t-test. would be approximately 30-70 subjects. A great advantage
of sputum induction is that it does allow tor repeated sampling of airway inflammatory cells.
vielding a more sensitive measure of variance.

The reproducibility of sputum eosinophils and metachromatic cells retlect the
variability in airway asthmatic responses to the same dose of allergen, as well as the
variability in the time-course of the intlammatory response to allergen. Furthermore,
reproducibility of the sputum counts reflect the quality of sputum sample and consistency
of processing and quantitication. The poor reproducibility ot the total cell count in sputum
(25) adds a considerable amount of variability in a repeated measures analysis, elevating the
sample size required to demonstrate changes in the absolute eosinophil number when
compared to percent changes in eosinophils (Figures 2.6 and 2.7). Despite the variability in
absolute eosinophil counts. we have demonstrated drug effects on the allergen-induced
number ot eosinophils corresponding to the drug effects on the allergen-induced late

response, with a reasonable sample size not more than 10 subjects (6.7).
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This study has demonstrated that inhalation of allergen by atopic asthmatics induces

an inflammatory response in the airways consisting ot eosinophils and metachromatic cells.
Metachromatic cells are associated with initiation and possible prolongation of the allergic
response and cosinophils are associated with the resulting dumage to the airways and
subsequent reduction in pulmonary tunction. These data contirm the presence of several
chemokines specific for the activation and chemotaxis of eosinophils tollowing allergen
inhalation challenge. and suggests these cytokines participate in the acute allergen-induced
cosinophilia observed within the tirst 24 hours following challenge. Furthermore, these data
support the notion that cooperation between chemokines may be necessary to induce
cosinophil accumulation jg_vivo, as suggested in the guinea pig model ot intradermal
injection (43). Measurement of sputum eosinophilia as an index ot airway inflammation is
shown to be reproducible. proving to be a valuable clinical tool tor assessing the anti-
inflammatory properties ot asthma therapies.  Understanding the regulation of airways
cosinophilia and the interaction between cytokines in the development of airways

cosinophilia may be a usetul strategy in the control of allergic asthma.
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Table 1: Total sputum cell count and percent sputum inflammatory cells at baseline and following allergen and diluent challenges.

Baseline 7 hours 24 hours 2 days 4 days 7 days
Ag Dil Ag Dil Ag Dil Ag Dil Ag Dil Ag Dil
TCC 42¢19 l16:03 l82:27 |18t06 |72¢635 |19:03 [44:13 |32404 [24:07 |20:02 }40+1.6 | 18402
(10*ml)
- * . LJ * *
Eos 49:17 1a0r13 |216440 [ 42615 |2544209 {8128 |213:39 |64:30 |185t63 | 69+23 |82+20 |[3.7+13
(%)
*
MCC 05:03 1 o0ar02 111243 | 09t06 | 40109 | 28:02 [023:04 | 18+14 [ 15+04 | .13+.07 [.14206 | .06%.02
(%)
L ] . * * *
Neut 620t55 | 407:85 | 611262 | 662474 | 595486 |538:83 |368:97 [46.6:78 | 41.1:8.6 [61.1442 | 55649.0 | 58.4+53
%)
* *® * L *
Macro | 327645 | 543470 [ 191437 [ 203474 | 23.3+59 [29348.0 [403+8.0 | 464+84 |40.0+4.8 [32.7+39 f35.5¢76 | 37.0¢5.1
(%)

Ag: allergen challenge. Dil: diluent challenge. TCC: total sputum cell count, Eos: eosinophils. MCC: metachromatic cells. Neut:
neutrophils. Macro: macrophages: *p<0.05 Ag vs Dil.
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Figure 2.1: The carly and late airway responses atter allergen inhalation (solid circles) and
diluent inhalation (open circles) challenge. Allergen challenge resulted in significant early
and late airway responses (p<0.05) compared to diluent.
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eosinophils (middle panel) and sputum metachromatic cells (bottom panel) following
allergen inhalation (open bars) and diluent inhalation (solid bars) challenge.
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Figure 2.3: Number of sputum cells (left panel) and sputum eosinophils (right panel)
immunopositive for eotaxin (top panel), [L-5 (middle panel) and RANTES (bottom panel)
following allergen inhalation (open bars) and diluent inhalation (solid bars) challenge.
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Figure 2.4: A) Maximum allergen-induced late fall in FEV, (%) demonstrating the
reproducibility between the first and the second allergen inhalation challenges. The
intraclass correlation between subsequent challenges is 0.32. B) Estimated sample sizes for
attenuation of the maximum % late fall in FEV,. The number of subjects required to

demonstrate a 50% attenuation of the maximum late % fall in FEV, at a power level 0f 0.90
is 8 subjects.
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Figure 2.6: A) Percent allergen-induced sputum eosinophils at 7h (solid circles) and 24h
(open circles) demonstrating the reproducibility between the first and the second allergen
inhalation challenges. The intraclass correlations between subsequent challenges are 0.02
and 0.32 for 7h and 24h, respectively. B) Estimated sample sizes for attenuation of the
allergen-induced percent sputum eosinophils. The number of subjects required to

demonstrate a 50% attenuation of the aliergen-induced percent eosinophils at a power level
0f 0.90 1s 4 subjects.
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(open circles) demonstrating the reproducibility between the first and second allergen
inhalation challenges. The intraclass correlations between subsequent challengs are 0.02 and
0.34 for 7h and 24h, respectively. B) Estimated sample sizes for attenuation of the allergen-
induced number of sputum eosinophils. The number of subjects required to demonstrate a
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Effects of Inhaled Budesonide on Allergen-induced
Airway Responses and Airway Inflammation

GAIL M. GAUVREAU, JOEL DOCTOR, RICK M. WATSON, MANEL JORDANA, and PAUL M. O'BYRNE

Asthma Research Group, Departments of Mediane and Pathology, McMaster Univeruty, Hamilton, Ontano, Canada

Allergen inhalation by sensitized subjects results in acute bronchoconstriction, which can be followed
by a later bronchoconstrictor response, allergen-induced airway hyperresponsiveness, and increases
in airway inflammatory cells. Treatment with inhaled glucocorticosteroids attenuates allergen-induced
asthmatic airway responses. The purpose of this study was to determine whether a 1-wk pretreatment
with inhaled budesonide influences allergen-induced changes in inflammatory cells in blood and in-
duced sputum. Seven subjects with mild atopic asthma were treated in a double-blind, placebocon-
trolled, randomized, crossover fashion with either inhaled budesonide 400 ng/d, or placebo for 7 d.
Allergen challenges were carried out the morning after treatment was discontinued and sputum sam-
ples were obtained 7 h after allergen inhalation. Methacholine airway responsiveness was measured,
and biocod and sputum sampies were obtained 24 h post-aliergen. Budesonide treatment attenuated
the magnitude of both the early and the late asthmatic response, reduced allergen-induced methacho-
line airway hyperresponsiveness, and attenuated allergen-induced increases In total eosinophils and
activated eosinophils. These results suggest that the effects of inhaled glucocorticosteroids on alfergen-
induced airway responses may be mediated through their inhibition of allergen-induced easinaphil
migration and activation. Cauvreau GM, Doctor |, Watson RM, jordana M, O'Byrne PM. Effects

of inhaled budesonide on allergen-induced airway responses and airway inflammation.

AM ) RESPIR CRIT CARL MED 1996, 134:1267- 1271

Arrway inflammation 1s an important charactenstic in patients
with current symptomatic asthma. This has been demonstrated
by high numbers of inflammatory cells present in bronchial bi-
apsies (1), bronchoalveolar lavage (BAL) fluid (2), and sputum
(3} from asthmatics when compared with nonasthmatics. Air-
way hyperresponsiveness 10 a vanety of bronchoconstrictor medi-
ators 1s another characteristic finding 1n patients with asthma
(4), the severity of which reflects the severity of asthma (5). In-
haled glucocorticosteroids are known to improve airway hyper-
responsiveness in asthmatics (6, 7), an effect that 1s thought to
occur by suppressing the degree of inflammation in the airways
(8. 9)

Allergen challenge is a valuable laboratory model for the study
of pathogenesis of airway inflammation and allergen-induced
asthma. Allergen inhalation results in acute bronchoconsiniction
In sensitized subjects, and in 50 to 60% of adult subjects, this
18 followed by a late bronchoconstrictor response that is associated
with the development of allergen-induced airway hyperrespon-

(Recerved in onqinal lorm januory 16, 1996 and n revised form Apni 15, 1996)
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siveniess (10). The allergen-induced late asthmatic response has
been associated with increases in the number of airway inflam-
matory ceils, particularly eosinophils and metachromatic cells
(MCCQ), in bronchial biopsies (11), BAL (12), and induced spu-
tum (13, 14). Treatment with inhaled corticosteroids has been
shown to abolish allergen-induced late responses (15, 16), and
1o inhibit allergen-induced airway hyperresponsiveness (16, 17).
More recently, oral treatment with prednisor:e was associated with
a decrease in inflammatory markers in induced sputum (18). The
mechamsms of action of glucocorticosteroids an late responses
and airway hyperresponsiveness have been suggested to occur
through the inhibition of the allergen-induced airway inflamma-
tory response. However, this has not been previously directly stud-
ied. The purpose of this study was to determine whether pretreat-
ment with the inhaled corticosteroid budesonide, administered
for | wk, a duration of treatment known to inhibit allergen-
induced airway responses, influences allergen-induced changes
in eosinophils and MCC in blood and induced sputum, as well
as the physiologic changes after inhaled allergen.

METHODS
Subjects

Nine nonsmoking subjects (Table 1) with mild asthma (five female, four
male) were selected for the study because of a previously documented
allergen-induced early and late asthmdltic response, and they gave signed
consent to participate in the study. The study was approved by the Ethics
Committee of the McMaster University Health Sciences Center. All sub-
Jects had stable asthma with & FEV, greater than 70% of predicted not-
mal on all study days. Subjects were not exposed Lo sensitizing allergens
and had not had asthma exacerbations or respiratory tract snfections
fot at least 6 wk prior to entering the study. Subjects used only inhaled
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TABLE !

SUBJECT CHARACTERISTICS UPON SCREENING VISIT
Sutnect No Age Fevy PCxo Allergen
tn«n {m Treatment (% pred) (nf\q/iml)’ (dnm-o‘ﬂ)w
102 20 Satbutamol 831 0187 HOM (1 2,048)
104 23 Brcanyt e 0 500 HOM (1 2%8)
109 24 Satbutamot 9% 3 '} 609 Cat () 1728)
106 0 Saibutamot 06 0145 HOM (1 1.029)
7 n Sslbutamol 2% 1083 HOM (1 1,024)
108 2 Salbutamol 800 2462 W (1 128)
109 19 None 998 19924

HOM (1.16)

Deturetion of cbdreviatom PC g = provocative coneniration of methachokne (aunng
420% tall i FEY, HDM = houte dust mde. RW * ragweed

beta-2-agonist as required. Medication was withheld for at least 8 h be-
fore each visit, and subjects were instructed to refrain from rigorous ex-
ercise and tea or coffee in the morning before visits to the laboratory.
Two of the subjects dropped out of the study because of protocol viola-

tions. These were asthma deterioration and the mndomization criteria
not fulfilled.

Study Design

The study was carried out with a double-blind, placebo-controlled, ran-
domuzed, crossover design. The subgects completed two treatment peniods
where they were treated with either inhaled budesonide 400 ug/day or
an dentical placebo for 7 d. Each period ¢ d of four
visits {0 the laboratory. Baseline measurements of FEV,, the provoca-
uve concentration of methacholine causing a 20% fall in FEV, (PC ),
blood and induced sputum differential, and total cell counts were deter-
mined before treatment and on the seventh day of treatment with budes-
onide or placebo. Allergen challenges were carried out in the morning
and 12 h after treatment was discontinued, and sputum samples were
obtained 7 h after allergen inhalation. Methacholine PC,,, blood and
sputum samples were obtained 24 h postalliergen. Each treatment peniod
was separated by a washout period of at least ) wk.

Methacholine inhatation Test

Methacholine inhalation chalienge was performed as described by Cock-
croft (19). Subjects inhaied normal saline, then doubling concentrations
of methacholine phasphate from a Wright nebulizer for 2 min. FEV,
was measured a¢ 10, 90, 180, and 300 s after each inhalation. Spirome-
try was measured with a Collins water-sealed spirometer and kymograph
(Warren E. Collins, Braintree, MA). The test was terminated when a

fall in FEV, of 20% of the baseline value occurred, and the PC,q was
calculated.

Allergen tnhalation Test

Allergen challenge was performed as described by O'Byrmne and colleagues
(20). The allergen producing the largest skin wheal diameter was diluted
in normal saline. The concentration of allergen extract for inhalation
was determined (rom a formula described by Cockcroft and colleagues
(16} using the resuits from the skin test and the methacholine PC . The
starting concentration of allergen extract for inhalation was two dou-
bling concentrations below that predicted 10 cause a 20% (all in FEV,.
The same three doses of allergen were administered during each treat-
ment period, and the FEV, was measured at 10, 20, 10, 40, 50, 60, 90,
and 120 min postallergen inhalation, then each hour until 7 h after al-
lergen inhalation. The early bronchoconstrictor response was taken (o
be the largest fall in FEV, within 2 hr after allergen inhalation, and the

late response was taken 10 be the largest (all in FEV, between Jand 7 h
after allergen inhalation.

Ditferential Blood Counts

Blood was collected 1nto hepaninized tubes by direct venipuncture, and
blood smears were made for differential staining (Diff Quik; American
Saentific Products, McGaw Park, [L) Differential cell counts were ob-
tained from the mean of two slides with 300 cells counted per slide. To-
1al leukocyte count was determined using a hemocytometer, and ceil popu-
lations were expressed as the number per mulliliter of blood.
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Sputum Analysis

Sputum was induced and processed using the method described by Popov
and colleagues (21). Subjects inhaled 3, 4, then $% saline for 10 min
each. The inducticn was stopped when an adeq ple was obtauned,
or if the FEV, dropped 20% (rom baseline. Cell plugs were selected from
the sample and processed using 0.1% dithiothrettol (Sputolysin; Cal-
hiochem-Behring. San Diego. CA) and Dulbecco's phosphaie buffered
saline (Gibco Diagnostics, Tucson, AZ). Cytospins were prepared on
glaas slides for staining. Differentis! cell counts were obtained from the
mean of two stides with 400 cells counted per slide stained with Dif{
Quik. MCC counts (mast cells and basophils) on slides stained with to-
luidine blue were obtained from the mean of two slides with 5,000 cells
observed on each slide. {f possible, cytospins were also prepared on apiex-
coated slides and fixed in periodate-lysine-paraformaldehyde for immu-
nocytochemical staining for phil cationic p (ECP), using
a monocional antibody directed against cleaved ECP (EG2) (Kabi Phar-
macia, Upsala, Sweden) (22). The percentage of EG2-poutive cells was
determined from a count of 500 ceils under light microscopy, and it was
expressed as the number of EG2-pouitive cells per mulliliter of sputum plugs.

Statistical Analysis

Mecthacholine PC,, measurements are made by linear interpolation of
log dose-response curves resulting in loganthmic values for PC e, which
are then subjected (0 statistical analysis. Summary statistics for methacho-
line PCy are expressed as geometric mean and range. All other sum-
mary statistics are expressed as mean and SEM. Student's ¢ test for paired
and unpaired observations was used to compare the sirway responses
to allergen and to compare the effects of placebo and budesonide treat-
ment on airway and blood cellular changes from pretreatment baseline,
respectively. As not all subjects had an adequate number of slides for
EG2 staining, and therefore unequal numbers of slides were available
from each treatment arm, Student's 7 test for unpaired observations were
used to analyze the effects of placebo and bud de on the

of EG2-positive cells in sputum. All other allergen-induced changes in
sputum were analyzed, using a two-(actor repeated-measures ANCOVA,
for the effects of ime and treatment on log-transformed daca (23).

RESULTS

The maximal mean early asthmatic response was attenuated by
budesonide treatment, being 33.0% (SEM, 4.5%) after placebo
treatment and 19.5% (SEM, 5.1%) after budesonide treatment
(p = 0.01) (Figure ). The maximal mean late asthmatic response
was also attenuated by budesonide treatment, being 23.7% (SEM,
4.6%) after placebo treatment and 6.6% (SEM, 2.2%) after
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v L-‘,\ 1 H A Diuent
4 [} . -
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Figure 1. Allergen-induced airway responses. Percent change in FEV,
(mean and SEM) atter inhaslation of diluent (open circles), allergen
with budesonide treatment (closed squares), and allergen with placebo
treatment (closed circles). Both the earty (0-2 h) and the late (3-7 h)

asthmatic responses to allergen were significantly reduced with bu.
desonide treatment (p < 0.05)
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Figure 2. Allergen-induced methacholine hyperresponsiveness
Methacholine PCho (Mean and geometnc SEM) before treatment, af-
ter 7 4 of 400 uqg/d budesonide (closed ban ) or placebo (open ban),
and 24 h atter allergen inhalation. Allergen-induced methacholine
airway hyperresponuiveness was significantly ditferent. (*p < 0.05
budesonmde signiicantly reduced the allergen-induced increase irom

pretreatment baseline.) (Yp < 0.05 signiticant allergen-induced in-
crease fram pretreatment baseline).

budesonide treatment (p = 0.02) (Figure §). Budesonide treat-
ment also sigmificantly reduced the area under the curve of both
the carly (p = 0.03) and the late (p = 0.02) asthmatic response
(Figure 1).

Budesonide treatment slightly increased the baseline measure-
ments of methacholine PC, from 1.15 (0.21 to 19.9) mg/ml be-
fore budesonide to 2.14 (0.37 to 25.1) mg/ml after budesonide,
but this increase was not statistically significant when compared
with placebo (p = 0.25) (Figure 2). The baseline measurements
of methacholine PC,, were not significantly different during
placebo treatment, being 0.95 (0.15 to0 14.9) mg/m! before and
1.32 (0.16 to 30.3) mg/mi after placebo (p = 0.22). There was
no sigmficant treatment effect of budesonide on baseline FEV,
or VC.

Allergen inhalation significantly decreased the methacholine
PC,, during placebo treatment from 1.32 (0.16 to 30.3) mg/ml
before 10 0.46 (0.09 to 14.35) mg/ml 24 h after allergen (p =
0.01) (Figure 2). The methacholine PC,, did not change signifi-
cantly after allergen during budesonide treatment, being 2.14 (0.37
to 25.1) mg/ml before and 1.38 (0.40 to 5.85) mg/ml 24 h after
allergen (p = 0.10) (Figure 2). The decrease in methacholine PCyp
from preallergen to postallergen inhalation during placcbo treat-
ment was 2.86-fold. The decrease in methacholine PC,, from
preallergen to postallergen inhalation during budesonide treat-
ment was 1.55-fold (p = 0.05).

Treatment with budesonide did not reduce the number of spu-
tum eosinophils before allergen inhalation, but it did significantly
reduce the number of sputum EG2-positive eosinophils from 5.7
(SEM. 1.9) t0 0.6 (SEM, 0.5) x 10*/ml (p = 0.03) (Figure 3).
Treatment with placebo had no significant effect on the num-
bers of sputum eosinophils or EG2-positive cosinophils before
allergen.

Allergen inhalation increased the number of sputum co-
sinophils and EG2-positive cells after allergen inhalation (Table
2 and Figure }). On placebo treatment, the sputum cosinophils
increased from 10 (SEM, 4) 10 60 (SEM, 18) x (0*/ml at 7 h,
and to 127 (SEM, 41) x 10*/ml at 24 h after ailergen (p < 0.05),
and the sputum EG2-positive cells increased from 1.10 (SEM,
0.60) to 25.3 (SEM, 5.6) x 10*/ml at 7 h, and to 44.6 (SEM,
15.4) x 10*/ml at 24 h after allergen (p < 0.05). Budesonide treat-
ment significantly attenuated the allergen-induced increases in
sputum eosinophils and EG2-positive cells after allergen inhala-
tion (p < 0.05) (Table 2 and Figure 3). The sputum cosinophils

70

Inhaled Corticosteraids and Allergen-induced Airway lnfltammation

00 C3Pacevo . 100
Wb deronae v l
SPUTUM [
EQSINOPIRLS « v ¢ 100
I ] I,e - L
o) Comm = Eﬂ Lo
.
“ réo
SPUTUM L
€EG2 POSITIVE " M !
CELLS I T rwe
oy . . 4
o) el e D— Lo
0 rlo
SPUTUM v
METACHAOMATIC I
CELLS ° T po
X )
o) O min o
Pre Post ™ 24N
Trastmant Treatment

Past Alergen

Figure 3. Allergen-induced increases of inflammatory cells in induced
sputum. Number of sputum eosinophils (top panef), EG2-positive cells
(middle panel), and metachromatc cells (bottom panef) betore treat-
ment, after 7 day of 400 ug/d budesonide (closed ban) or placebo
(open bars), and at 7 and 24 h after allergen inhaiation. (*p <0.05
budesonide significantty reduced the allergenanduced increase trom

pretreatment baseline). (*p < 0.05 uignificant allergen-induced in-
crease from pretreatment basehine)

were 27 (SEM, 10} x 10*/ml at 7 h, and S8 (SEM, 25) x 10*/mi
at 24 h alter allergen, and the sputum EG2-positive cells were
2.4 (SEM, L.1) x 10*/ml at 7 h, and 16.7 (SEM, 7.5) x 1C*/ml
at 24 h after allergen.

Allergen inhalation also increased the number of sputum MCC
slightly, but there was no significant effect of time (p = 0.20)
(Table 2 and Figure 3). The number of MCC were reduced ap-
proximately 2-fold with budesonide treatment, but this effect was
not statistically significant. There were no significant effects of
time or treatment in sputum neutrophils after allergen (Tabie 2).

Lastly, allergen inhalation during piacebo treatment increased
the numbers of blood cosinophils 24 h after allergen from 33
(SEM, 6) x 10*/mlto 57 (SEM, 9) x 10*/ml (p < 0.001). Budes-
onide treatment significantly prevented this increase (p < 0.01),

being 39 (SEM, 9) x 10*/ml before and 36 (SEM, 6) x 10*/ml
after allergen (Table 2).

DISCUSSION

This study confirms previous studies, which have demonstrated
that inhaled corticosteroids attenuate the early and the late bron-
choconstrictor responses after inhaled allergen (15) and protect
against allergen-induced methacholine airway hyperresponsive-
ness (16). In addition, the study demonstrated that treatment with
inhaled budesonide also att2nuates allergen-induced increase of
inflammatory cells in blooc and in the airways, as assessed by
increases in cells in induced sputum. This suggests that the ef-
fects of inhaled glucocorticosteroids on allergen-induced airway
responses is mediated through their effects on inflammatory cell
migration and activation.

We have previously demonstrated that the aumbers of spu-
tum cosinophils and MCC increased by 7 h after allergen inha-
lation, and they remained clevated at 24 h (24). The number of
MCC and eosinophils likely began to increase in airways sooner
than 7 h; however, sputum was not collected for analysis before
7 h because sputum induction may cause bronchoconstriction,
thus interfering with subsequent spirometry measurements.
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TABLE 2

COMPARISON OF BUDESONIDE TREATMENT (7 DAYS, 400 ug/DAY)
VERSUS PLACEBO TREATMENT ON INFLAMMATORY CELLS IN BLOOD AND
INDUCED SPUTUM BEFORE AND AFTER ALLERGEN iNHALATION®

Pretreatment
Placebo Buderonide Pacebo
Sputum
tounophily 19 26 10
10%mi [C)) (14) (4)
Neutrophuly (R3] 120 140
«10*/mi ($%) (1%0) (48)
Metachromatic ceils 18 049 092
10t mi 062) (018) (047)
(G2 + ve cathy 20 $7 1
10'mi a0 (AR )} 06)
Total <ol count 27 st 23
*mi (1)) an 09)
8lood
tounophily 16 2 1
-10%mi (8) ®) (6)

° Vaiues are meant with SEM whown in parentheses

'pcoos e 3K y W allergen-nduced ncrease
1] © < 003 ugniicant sllergen-induced Wxreswe rom pretreatment basehne

Unlike the previous findings (7, 8) inhaled steroid treatment
did not reduce the number of circulating eosinophils before al-
lergen inhalation. The dose of budesonide in the present study,
however, was considerably lower and administered for a shorter
period of time. In sputum, budesonide treatment for 7 d reduced
the number of EG2-positive cells before allergen inhalation, and
it appears (o have done this Ly decreasing the percentage of acti-
vated cosinophils recruited into airways, as the number of eo-
stnophils was not significantly reduced. This result suggests that
the number of activated eosinophils may not be related to the
degree of baseline airway hyperresponsiveness.

Eosinophilia is the hallmark of asthma exacerbation. Budes-
onide treatment blunted the allergen-induced increases in the
number of circulating cosinophils, and in the number of eo-
sinophils in the airways. The number of eosinophils caiculated
per mulliliter sputum, in part, depends on the density of cells pres-
ent 1n the sputum. When statistical analyses were performed on
the percentages of cosinophils the results were similar, showing
that the increase in the number of eosinophils was not only due
10 a higher number of cells present per milliliter of induced
sputum.

The allergen-induced increase of EG2-positive cells follows
the same patiern as the number of total eosinophils measured
after allergen-inhalation; however, the data are not directly com-
parable because not all of the prepared slides were available for
immuno-cytochemical staining. The increase in the number of
EG2-positive cells after allergen inhalation is likely due to the
increase in eosinophil numbers rather than to increased activa-
tion of cosinophils, as the percentage of EG2-positive cells re-
mained similar after allergen inhalation. However, the reduction
in EG2-positive cells by budesonide treatment appears to be due
to a reduction in cosinophil activation, as there was no signifi-
cant reduction in the numbers of eosinophils after 7 d of treat-
ment with budesonide.

The final dose of budesonide was given 12 h before allergen
nhalation. The pharmacokinetics of budesonide suggest there
would be very low plasma levels at this time (25); however,
budesonide was still observed to reduce airway inflammation.
This suggests that budesonide may be preventing initiation of
a cascade of events caused by allergen inhalation that are im-
portant in causing eosinophil migration and activation and the
late response and airway hyperresponsiveness.

Post-treatment

Twenty tour Houry After

Placebo Budesorde Placebo Budesonde
0 604 it 2 st
(6) (8) ag) (41) (28)
230 m a 183 176
(67) {80) (188} 27) (66)
198 696 119 1240 7 80
(L3} (402) (1 42) (488) (372)
os! 2538 14 et 167
(03) 3¢ (an (15 4) (79%)
V7 '8 4) 42 10
an an 20) (3 (08)
19 s ot
9 9) )

Budesonide may have reduced the numbers of MCC in spu-
tum after allergen inhalation. This has not been shown statisti-
cally in the present study because a high between-subject vari-
ability may have masked previously documented allergen-induced
increases in MCC as well as the 2-fold reduction of MCC by
budesonide. This reduction in MCC may be physiologically rele-
vant, as the mast cell is involved in the immediate response 10
allergen, and through release of mediators, may help to drive
the late response, which is associated with airway inflammation.

In conclusion, this study confirms previous observations thai
inhaled corticosteroids inhibit the early and the late asthmatic
responses and the airway hyperresponsiveness after inhalation
of allergen. [n addition, the study has demounstrated that this
1s associated with attenuation of increases in biood and airway
cosinophils and in the state of activation of the airway eosinophils.
These results suggest that the mechanism of action of inhaled
corticosteroids may be through their ability 1o inhibit the influx
and activation of airway eosinophils.
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Effect of Regular Inhaled Albuterol on Allergen-induced
Late Responses and Sputum Eosinophils in

Asthmatic Subjects

G. M. GAUVREAU, M. |ORDANA, R. M. WATSON, D. W. COCKCROFT, and P. M. O’'BYRNE

Asthma Research Group, Departments of Medicine and Pathology, McMaster University, Hamulton; and Division of Respuratory Medicine,
Department of Medicine Royai University Hospital, Saskatoon, Saskachewan, Canada

Treatment with inhaled fi;-agonists immediately before ailergen inhalation inhibits allergen-induced
earty, but not late asthmatlc responses (LAR). By contrast, 2 wk treatment with inhaled albuterol in-
creases airway responses to inhaled allergen. We examined the effects of reqular albuterol treatment
on allergen-induced increases in inflammatory cells In blood and induced sputum. Ten mild, stable al-
lergic asthmatics inhaled albuterol (800 .g/day) or placebo for 7 d in a controlled, randomized, dou-
ble-blind, crossover study. Allergen Inhalation was performed 12 h after the final dose. Methacholine
airway responsiveness and blood samples were analyzed before and 24 h after, and induced sputum
was abtained before, 7 h and 24 h after allergen. Allergen significantly reduced methacholine PC
increased blood eosinophil numbers, and numbers of sputum neutrophils, EG2 positive and meta-
chromatic cells (p < 0.05), without significant differences between treatments. Albuterol treatment
significantly increased the LAR compared to placebo treatment (p = 0.003) and significantty enhanced
the number of sputum eosinophils (p = 0.009) and sputum ECP (p = 0.04) at 7 h but not 24 h post-
allergen (p > 0.05). We conclude that regular use of inhaled albuterol significantly increases the LAR
to Inhaled allergen, In assoclation with an increase in the number of sputum eosinophils and the re.
lease of ECP, suggesting albuterol increases the late response by increasing eosinophil influx into the
airways. Gauvreau GM, Jordana M, Watson RM, Cockcroft DW, O'Byrme PM. Effect of regular
Inhaled albuterol on allergen-induced late responses and sputum eoslnophils in asthmatic

subjects.

AM | REIPIR CRIT CARE MID 1997:156: 17581748,

Airway inflammation is an important charactenstic in patients
with current symptomatic asthma. Tlis has been demon-
strated by increased numbers of inflammatory cells, particu-
larly eosinophuls, mast cells and lymphocytes preseat in bron-
chial biopsies (1) bronchoalveolar lavage fluid (BAL) (2) and
sputum (3) from asthmatics when compared to nonasthamtics.
Allergen challenge 1s a valuable laboratory model (or the
study of the pathogenesis of arrway inflammation in asthma.
Allergen inhalation results 1n acute bronchoconstnction 1n
sensitized subjects, and in 50-60% of adult subjects, this is fol-
lowed by a late bronchoconstrictor response (LAR). which is
associated with the development of allergen-induced airway
hyperresponsiveness (4), and increases in the number of air-
way inflammatory cells, particularly eosinophils and mcta-
chromatic cells (MCC), in bronchial biopsies (5), BAL (6),
and induced sputum (7, 8). Sputum induction 1s a safe, nonin-
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vasive method of directly obtaining repeated samples of ar-
way secretions (3). Measurements of inflammatory cells from
sputum arc repeatable (9), demonstrate changes associated
with airway responses after inhaled allergen (8), and has been
shown to demonstrate the elfects of a therapeutic intervention
with inhaled corticosteroids (10).

Inhaled B,-adrenoceptor agonusts are the most effective bron-
chodilator agents for the symptomatic treatment of asthma.
B,-agontsts reverse airway obstruction pnmanly by relaxing
airway smooth muscie (11). In addition, B;-agonists are potent
wnhibitars of the release of histamine and newly synthesized
mediators from activated mast cells (12) i vitro, and ;-
adrenoceptors have been found on other immune cells includ-
ing macrophages, cosinophils, neutrophils and lymphocytes,
and may modulate adhesion of inflammatory cells through a
cAMP-dependant kinase (13). Thus, these i1 vitro studies sug-
gest that Bi-agonists may have some anti-inflammatory prop-
crties for the treatment of asthma.

However, recent studies have demonstrated that regular
treatment with B,-agonists increase airway respoasiveness to
nonallergic sumuli (14, 15), and enhance allergen-induced late
bronchoconstrictor responses (16, 17). Regular treatment with
albuterol 1s also associated with increased levels of activated
cosinophils 1n bronchial biopsies (18). Given the association
between allergen-induced awrway responses and airway eosi-
nophilia (3, 6, 7, 10), we hypothesized that regular treatment
with inhaled B,-agotust might also enhance the allergen-induced
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TABLE 1|
SUBJECT CHARACTERISTICS, ALLERGEN DOSE, AND TREATMENT RANDOMIZATION
Age FEV, Methacholine PC
Sutyect Number (1) Gender (% predicted) (mg/mh) Inhaled Allergen  Allergen Diution  Order of Treatment  Rescue Medicaton
! 2 ¥ "nse 6N HOM 118 AP (1]
2 24 (Y] ”ne 158 Cat 1128 4 an
) n ¥ 7.4 . HOM 1:1,024 PiA 10
4 n Y] 178 1.06 Ragweed 1:256 PiA 12
s n f 96 0y HOM 1:1,024 PIA oo
6 n £ 827 1.4 Ragweed 1128 ar or0
7 2 M (1N} 1.3 HOM 1:512 pA 0
[ ] n 3 (1K [ }4 HOM Ls2 L4 1o
9 n Y] 0.5 $.76 Grass 1:1,024 L4 0/
10 2 M 9.1 1.59 Grass 116 PiA 00

M = mabe; HOM = house dust mite; P = placedo A = alouterol

m,mm,.m.qwmmmmmx.-mzummamnmmmwu-m

bromude wat inhaled W rheve bronchoconstriction.

airway eosinophilia. Therelore, the purpose of this study was
10 determine whether regular treatment with the inhaled
B1-agonist, albuterol, administered for | wk, a duration of treat-
ment known to enhance the allergen-induced late bronchocon-
strictor responses (17), inflluences allergen-induced changes in
inflammatory cells, particularly eosinophils, in blood and in
the airways as assessed by changes in induced sputum.

METHODS
Subjects

Fourteen nonsmoking subjects (Table 1) with mud stopic asthma
(cight (emale, six male), were selected for the study because of a pre-
viously doc ted sllergen-induced carly and late bronchoconstne-
tot response of st least 15% reduction in the forced expiratory volume
i 1 s (FEV,) during a wreening peniod, and gave signed consent to
paruapate in the study. Inhelation challenge wath the allergen diluent,
0.9% saline, was completed dunng the screening penod in order to
correct the silergen-induced (all in FEV, for normal airflow vanabil-
ity dunng the allergen challenge day. Four of the subjects dropped out
of the study due to protocol wiolations. Two of these subjects were un.
sbie to inhale the same three doses of allergen at all three silergen in-
halauon challenges, because of marked bronchoconstriction at the
lowest inhaled dose of allergen dunng the albuterol treatment penod.
Two subjects were excluded from the study because their disry cards
indicated they had used albuterol instead of the med provided
83 a rescue medication dunng the study. The statstical analysis was
performed on results from the r g 10 subj Thus ple suze
waes considered sulficient, as a previous study has shown that eight
or more subjects can demonstrate & 50% change in the LAR wath a
power of > 90%, using the same methodology employed in this study
(19). The study was approved by the Ethics Committee of McMaster
Univensity Health Scicnces Center. Subjects were not exposed 10 sen-
stinng allergens and did not have asthma exacerbations or respira-
tory tract infections for at least four weeks prior to entenng the study
All subjects had stable asthma with FEV, greater than 70% of pre-
dicted normal oa all study days before aliergen inhalstion. Subjects
used no regular medication other than unfrequent (< twice weekly)
inhaled By-agonist as required to treat thewr symptoms. [pratropium
bromide replaced B,-agonists as a rescue medication dunng the study
penod. All medi ns were withheld for at least 8 h before each
wuit, and subjects were instructed o refrain (rom ngorous exercse,
tea, of coffee in the moming before visits to the laboratory

Study Design

The study was camed out wath a double blind, placebo-controlled,
randomuzed, two-penod cross-over design (Figure 1). Dunng each pe-

mm-deMAu'nMMmem

nod, subjects were treated wath etther inhaled albuterol 200 ug (2
pulls) (our times daily (Ventolin; Glaxo Canada, Toronto, Ontano),
or an identical placebo 2 pulfs four umes daily for 1 wk. Each treat-
meat penod coasisted of four visits to the laboratory. Baseline mea-
surements of FEV,, the provocauve concentration of methacholine
causing & 20% fall in FEV, (PCy), blood and induced sputum differ-
enual and total cell counts were determined before treatment and on
the Tth day of «r with alb | ot placebo. Allergen chal-
lenges were cartied out the following mormung, 12 h after treatment
was discontinuzd, and FEV, was measured for the next 7 h. Sputum
samples were oblained dunng the late response, 7 h after allergen 1n-
halation, 19 h after treatment was discontinued. Sputum could not be
nduced earlier than 7 b, b of the requi nt of pretreatment
with inhaled B;-ag, before sp induction, which would intes-
fere with subsequent measures of allergen-induced atrway responses.
Biood was not obtained 7 h after allergen b allergen-induced
casnaphulia has not been shown (o occur at this ume after allergen in-
hatation (20). Methacholine PCy, blood and sputum samples were ob-
tained 24 h post-allergen, 36 h sfter treatment was discontinued. Each
treatment period was separated by & washout penod of at least 3 wk.

Laboratory Procedures

Methacholine inhalation test. Methachohine inhalation chalienge was
performed as described by Cockcralt (21). Subjects inhaled normal
saline, then doubling concentrations of methacholine phosphate from
& Wright nebulizer (or 2 min. FEV, was measured at 30, 90, 180, and
300 s after each inhalation. Spirometry was measured with a Collins
water-sealed spirometer and kymograph. The test was terminated
when a (all in FEV, of 20% of the baseline value occurred, and the
methacholine PCyg was calculated.

Oey Oey ¢ Dy 9 Dey 10
1
Alvaarel 20ug gnd or Planste Allege

‘ Qhallunge
Oxx-tatmen Cast nesmcn U fogAlczes s Pon-Allcems
eV, FEv, FEv, FEY,
S Spubam Spumam Spuan
Slosd Slosd Blesd
Meshactoins Meothachetins Motachaiing

Figure 1. Study design.
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Allergen Inhalation Test

Allergen challenge was performed as descnbed by O'Byme and co-
workers (22). The allergen produang the largest skin wheal diameter
was diluted 1n normal saline. The concentration of allergen extract for
wnhalauon was determined from a formula descnbed by Cockeroft
and coworkers (23) using the results from the skin test and the metha-
chotine PC, The starting concentiativn of allergen extract for nhata-
uon was two doubling concentrauons below that predicted to cause a
20% fall in FEV|. The samec doses of ailergen were adminstered dus-
ing each treatment penod, and the FEV, was measured at 10, 20, 30,
40, 50, 60, 90, and 120 min post allergen inhalauon, then each hour un-
ul 7h after allergen inhalauon. The early bronchoconstnictor response
was taken (o be the largest fall in FEV, within 2 h after allergen inha-
lation, and the late response was taken to be the largest fall in FEV,
between 3 h and 7 b after allergen inhalation. The area under the
curve was determuned dunag the early (0-2 h) and late (3-7 h) re-
sponsc by plotting the response using graphics software (Fig P Fig P
Software Corporation, Durham, NC), which caiculated the area of the
FEV,-ume response. All allergen challenges were performed wath the
same allergen dose utlized dunng the screeung challenge.

Differennial blood countss. Blood was collected nto hepannuzed
tubes by direct verupuncture, and blood smears were made for differ-
ential staiing (Diff Quik; Amencan Scientfic Products, McGaw
Park, IL). Differcatal cell counts were obtained from the mean of
two slides with 300 cells counted per slide. Total leukocyte count was
determuned using a hemocy r (Neub Chamber; Hausser
Saeaufic, Blue Bell, PA), and cell populations were expressed as the
number per ml blood by dividing by the total nusnber of cells counted,
and multiplying by the total leukocyte count.

Sputum analysis. Sputum was induced and processed usng the
method described by Popov and coworkers (24). Subjects inhaled 3%,
4%, then 5% saline for 7 mun each. The induction was stopped when
an sdequate sample was obtaned, o if the FEV, dropped 20% from
basehne. Cell plugs with little or no squamous epithelial cells were se-
lected {rom the sample using an inverted microscope, separated (rom
saliva, and werghed. Samples were aspurated i Iwo times thetr volume
of 0.1% dithiothrestol (Sputolyain. Caltwochem Corp., San Diego, CA)

and two umes their volume of Dulbecco's phosphate buffered saline
(Gibeo, Grand Island, NY). The cell suspension was filtered through a
52 um nylon gauze (BNSH Thompson, Scarborough, ON, Canada) to
remove debns, then centnfuged at 1,500 rpm for 10 minutes. Superna-
tants were collected and stored at - 70° C for fluid phase measurements
ol eomnophil catuomc protetn (ECP) by radioimmunoassay (Pharma-
aa, Uppsala, Sweden). The total cell count was determined using a
hemocytometer (Neubauer Chamber) and expressed as the number of
cells per ml sputum. Cells were resuspended in Dulbecco's phosphate
buffered saline (DPBS) at 0.75-1.0 x 10*ml. Cytospns were prepared
on glass slides using 50 ul of cell and s Shandon (1] cyto-
centnfuge (Shandon Southern Instruments, Sewickly, PA ). at X0 pm
for S mun. Differenual cetl counts were obtained from the mean of two
slides with 400 cells counted per slide stained with Diff Quik. The
same observer counted all study slides, and the reproduaibility of the
cell counts uning these methods 1s excetlent (9). For exampie, the 1n-
terclass correlation coefficient 13 0.97 for sputum eosinophuls. Metach-
romatic cell (MCC) (mast cells and basophils) counts on shides stained
with toluidine blue, were obtained from the mean of two slides with
5,000 cells abserved on cach slide. Cell types were enumernated by di-
viding by the total aumber of cells counted, and multiplying by the to-
taf cell count per mulliliter of sp . Il posuble, cytospins were also
prepared on apex coated slides and fixed for 10 mun in penodate-
lysine-paraformaldebyde for immunocytochemical staining for ECP.
Stdes were stained with a mouse monocional antihuman antibody di-
rected against cleaved ECP (EG2) (Kabi Pharmaca, Uppsala, Swe-
den) which was diluted in 1.0% BSA (Sigma Chemical Co.) and wash
buffer made up of DPBS, 001 M HEPES buffer (Bochnnger Man.
nheun Canada Lid., Burlington, ON) and 0.01% aapoun (Sigma
Chemicat Co ). and were incubated overtught at a concentration of |
ng/ml. Labeling of EG2 was detected by the alkaline phospatase any-
alkaline phosphatase method (25). Mouse IgG1 (Sigma Chemical Co.)
was used as 4 negatve control. The percentage of EG2 positive cells
was determined from a count of 500 cells under light microscopy, and
were expressed as the number of EG2 positive cells per ml of sputum.
These slides were also double stained with 10 wg/ml FITC for 10 qun,
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figure 2. Allergen-induced airway responses. Percent change in FEV, (mean and SEM) after inhalation of
diluent (open circles), allergen with albuterol treatment (closed squares), and allergen with piacebo treat-
ment (closed circles). The late (3-7 h) asthmatic response to allergen was significantly enhanced with al-

buterol (p = 0.003).
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TABLE 2
ALLERCEN-INDUCED EARLY AND LATE AIRWAY RESPONSES, AND METHACHOLINE RESPONSIVENESS

Earty response, masmum fall in FEV,, % -
Early responie, area under the curve

Late response, maaunum 1all i HEY,,

Late response, area undet the curve

PC  l0g difference pee-post allergen, mg/mi

AFTER 7 d REGULAR ALBUTEROL TREATMENT VERSUS PLACEBO

Pacebo Albuterol p Value
4117 -122-18 [ B}
632104 79397 on
a8z e -283 - 3 0003
6159 22893 004
050 Q34 073

Oefinston of abdrevationt. FEV, = lorced expwatory vohume 1 | 1cond, PCy = PAOVOLAUMVE (ONCENtraton of methacholne for J0% re-

ducton n FEV,

Larty and tate responses are shown at the mean = SEM and methachokne PO, 11 Shown a1 the Qrometnd mean = CStM

which 13 a speaific stain (or cosinophils (26-28). The level of eonno-
phit activation was determined by examination of 100 fluorescent cells
for appearance of immunatocalization of the EG2 antibody, and ex-
pressed as the number of EG2 positive/1) cominophils

Statistical Analysis

Methacholine PCy measurements are made by hinear interpolation of
log dose response curves resulting in loganithmic values for PCp,
which are then subjected to statistical analynis. Summary statstics for
methacholine PCy are expressed as geometric mean and geometric
standard error of the mean (GSEM). All other summary statistics are
expressed as mean and SEM. Two-tailed Students ¢ test for paired ob-
servations was used to compare the cacly and late airway responses to
allergen The effects of 7 4 treatment with placebo and aibuterol treat-
ment on airway and biood cellular and log transformed sputum cellular
changes were analyzed. usng a one-way repeated measured ANOVA,

for the effects of treatment. The effects of placebo and albuterol treat-
ment on allergen-induced airway and blood celiular and log transformed
sputum cellular changes from post treatment baseline, were analyzed
using a iwo-factor repeated measures ANOVA, for the effects of ime
and treatment (29) As not all subjects had sn adequate number of
sputum shides {or EG2 stamning, complete sets of siides were only avail-
able (rom ux subjects o compare the effects of 7 d albuterol treat-
meut on baseline activated eosinophils. and from three subyects to com-
pare the effects of albuterol n allergen-induced increases in activated

cosnophils. All sputum cetlular data were log transformed prior to
analyus.

RESULTS

The allergen-induced late bronchoconstnctor response was
sigmficantly enhanced after albuterol treatment when com-

Placebo Albuterol
32 7 * o
16
8
Methacholine 4 4
(mg/mi) - -

1 -4

5 - -
25 A
1250 A
.0625 -

——— | S ———— |
Pre 24hr Post Pre 24hr Post
Allergen Allergen Allergen Allergen

Figure 3. Allergen-induced methacholine hyperresponsiveness. Individual and geometric mean metha-
choline PC x (solid bar) values before treatment, atter 7 d of 800 ug/day aibuterol (soid circles) or placebo
(open circles), and 24 h after allergen inhalation. Allergen-induced methacholine awrway hyperrespon-

sveness was not signdicantly different between albuterol and placebo treatments. *Significant allergen-
nduced change from post-treatment baseline.
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TABLE 3
THE EFFECT OF ALBUTEROL ON ALLERGEN-INDUCED CHANGES IN SPUTUM

MEASURED 7 AND 24 HOURS AFTER ALLERGEN INHALATION

Pre-treatrment
Macebo Albuterol Placebo

Sputum

founophds, =« 10°/ml sputum 12+ 14+ 12+

Neutrophuls, x 10'/mil sputum 88 - N 167 = 108 21477

MCC, = 10Ymi \putum Y1 +0% 11 :-05% 4723

ECP. wg/mi supernatant 04 -0 08:=02 1106

EC2 positive, eounoptuly/ 100 86779 6406179 M1 +134
Blood

tosnophils, < 10*/mi 16 -6 17 -8 197

Neutrophss, « 10°/mi 452 - 47 417 ~ 48

921
Yaluet shown ae the mean = SEM
* P+ 003 ugndicant giference between pre and post-aliergen inhalation
'p < 003 ugndicant difference between placebo and slbuterod

pared to placebo (Figure 2). The maximat % fall in FEV, dur-
ng the late response was 28.3 = 3.1% after albuterol treat-
mentand 18.2 = 3.6% alter placebo treatment (p = 0.003) and
the arca under the curve was also significantly increased (p =
0.04) (Table 2). The early bronchoconstnctor response was
not significantly changed after albuterol treatment versus pla-
cebo (Figure 2). The maximal % fall in FEV, dunng the carly
response was 32.2 = 38% after albuterol treatment and 342 +

500 -

Poit-treatment

7 h Post-allergen 24 h Post-allergen

Albuterol Placebo

Albuterol Placebo Abuterol

82 9N =62 220 + 156 166 = 78 75« 22
124 = 50 264 - 66° 373 = 106" 146 = 32° 242 = 105°
14-06 90 -50° 68 -20° 17571 48 =19
08:04 1808 4318 81 =35 S1+2)
272138 600 <+ 170 482108 677 =140 $75 185
57 58 = 10° 56 + 6°
194 = 36 421 * 40 474 + )

3.7% after placebo treatment (Table 2). Rescue medication
with ipratropium bromide was rarely required dunng either of
the treatment penods (Table 1).

The methachohine PCy decreased sigmficantly 24 h after
allergen inhalation after albuterol treatment from 1.55 mg/ml
(GSEM 1.37) 10 0.44 mg/ml (GSEM 1.32) (p = 0.002) and af-
ter placebo treatment from 1.62 mg/ml (GSEM 1.54) 10 0.51
mg/ml (GSEM 1.38) (p = 0.002) (Figure 3), however, there

e

[ Placebo 500
Sputum 400 W Albuterol v 400
300 v 300
Eosinophils 200 v .
(-104/mi) 100 100
0 0
151 R 15
Sputum ECP 10 4 ve v 10
h v
(ug/mi) s ] .
o: ] iﬁ [ i o
Sputum S0 v o 500
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EG2 Positive 100] . oo
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(-10‘/ml) 100 ﬁ 100
07 _ et e 0
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Figure 4. Allergen-induced increase of eosinophils, activated eosinophils, and eouinophil cationic protein
in induced sputum. Number of sputum eosinophils (top panef), sputum flurd phase ECP (middie panef),
and activated eosinophits (bottom panef) before treatment, after 7 d of 800 ng/day albuterol (solid bars)
or placebo (open bars), and at 7 and 24 h after allergen inhalation. "Significant allergen-induced change
from post-treatment baseline. *Signdicant allergen-induced difference between albuterol and placebo

treatments.
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was no difference in the magnitude of the allergen-induced in-
Crease i airway responsiveness between albuterol and pla-
cebo treatments (Table 2).

Allergen inhalation increased the number of eosinophils
per mulliliter in sputum both at 7 h after allergen, during the
late bronchoconstrictor response, and 24 h after allergen when
methacholine airways responsiveness was increased (p = 0.01).
Albuterol treatment, however, significantly enhanced the num-
bers of eosinophils per milliliter in sputum 7 h after allergen to
220 = 156 X 10*/ml when compared to 91 = 62 X 10/m! after
placebo treatment (p = 0.009) (Figure 4). This difference was no
longer present in sputum 24 h after allergen, the number of
cosinophils being 75 * 22 x 10%ml after albuterol treatment
and 166 = 78 x 10'/ml after placebo treatment (p = 0.31) (Ta-
ble 3, Figure 4). The absolute change in the number of aller-
gen-induced eosinophils at 7 h was greater after albuterol treat-
ment tn nuine subjects, as compared with the change after placebo
treatment, and decreased in one subject (Figure 5).

The concentration of ECP increased significantly after ai-
lergen inhalation from 1.1 = 0.6 wg/ml during placebo to 1.8 =
0.6 pg/miat 7hand 8.1 = 3.5 ug/mi at 24 h after aflergen (p=
0.00001). During albuterol treatment, the concentration of
flud phase sputum ECP increased from 0.8 = 0.4 wg/ml to
43 = 18 pug/mlatThand 5.1 = 2.3 ug/ml at 24 h after allergen
(Table 3, Figure 4). As with the number of sputum eosino-
phils, the allergen-induced increase in the concentration of
sputum ECP was significantly enhanced by albuterol at 7 h
after allergen inhalation (p = 0.045). The allergen-induced
changes in the number of eosinophils was correlated with the
concentration of {luid phase ECP (p = 0.00004, r = 0.62). The
aumber of EG2 positive eosinophils significantly increased af-
ter allergen inhalation dunng placebo, from 18 = 7 x 104ml
10223 = 188 X 10“ml at 7 h and 127 = S0 x 10%ml at 24 h af-
ter allergen, and duning aibuterol treatment, from 10 = § x

10"ml to 258 = 207 x 10%ml at 7 h and 91 = 32 x 10%ml at
24 h after allergen (p = 0.004) (Table 3, Figure 4). However,
we did not observe a significant effect of albuterol treatment
on allergen-induced increases in EG2 positive cells (p=029).

There was a significant correlation between the magnitude
of the LAR (expressed as arca under the curve) and the in-
crease in sputum flud phase ECP (r = 007, p = 0.0U2), and
between the maximal fall in FEV, and the increase in sputum
ECP (r = 0.56, p = 0.015). There was no significant correla-
tion between the allergen-induced increase in the number of
sputum cosinophils and the magnitude of the LAR (r = 0.18),
or maximal fall in FEV, (r = 0.18).

Allergen inhalation also increased the numbers of sputum
neutrophils (p = 0.04) and the numbers of MCC (p = 0.02)
measured 7 and 24 h after allergen inhalation, however there
was no significant difference between albuterol and placebo
treatments either at 7 or 24 h (Table 3).

The number of blood ecosinophils increased significantly
24 h after allergen inhalation after albuterol treatment from
351 =75x lOEIml 10 56.1 = 6.4 x 10%ml (p = 0.001) and af-
ter placebo treatment from 389 = 7.4 X 10*ml 10 57.7 * 9.5 x
10%ml (p = 0.001). This increasc was the same magnitude for
placebo and albuterol treatment periods (Table 3). The num-
ber of blood neutrophils measured 24 h after allergen inhala-
tion did not change significantly after 7 d of albuterol treat-
ment, and there was no difference in allergen-induced changes
between albuteroi and placebo (Table 3).

Regular use of albuterol for 7 d did not significantly alter
the baseline FEV,, being 3.3 = 0.2 L after albuterol treatment
and 3.5 = 0.2 L after placebo treatment, or the baseline meth.
acholine PCy, being 1.55 mg/ml (GSEM 1.37) after albutsrol
treatment, and 1.62 mg/ml (GSEM 1.54) after placebo. Also.
regular albuterol treatment for 7 d did not significantly change
the numbers of baseline blood cosinophils or neutrophils, nor
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Figure S. Allergen-induced chan:

allergen minus pre-allergen) in the number of s

ge in sputum eosinophil numbers. The allergen-induced changes (post.
putum eosinophils (circles) after reqular aibuterol treat-

ment for 7 d (chosed symbois) or placebo (open symbols) and 7 h (circles) and 24 h (squares) after allergen

inhalation. The geometric means are also

shown (closed rectangles). As the difference from baseline was
negative in two subjects on placebo treatment at 7 h after all

the figure. *Significant allergen-induced difference between

lergen inhalation, zero was used to complete
albuterol and placebo treatments.
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the number of sputum inflammatory cells: eosinophils or acti-
vated eosinophils, MCC or neutrophils, nor the concentration
of ECP measured in sputum (Table 3).

DISCUSSION

This study confirms previous reports which have demon-
strated that regular treatment with inhaled albuterol increases
allergen-induced late responses (16, 17). Use of ipratropium
bromide as a rescue medication was infrequent and similar
duning both treatment periods, and should not bias the results.
The aliergen-induced late response is associated with airway
nflammation, particularly increases in airway cosinophils and
MCC (8). We have previously demonstrated that the number
of eosinophils and the number of EG2 positive cells in sputum
increase by 7 h after allergen inhalation, and remain elevated
at 24 h (10). We therefore hypothesised that the increase in
allergen-induced late responses may be caused by albuterol-
induced increases in allergen-induced airway inflammation, as
measured by changes in induced sputum.

Consistent with this hypothesis, albuterol enhanced aller-
gen-induced sputum cosinophuls and ECP at 7 h after allergen
inhalation, dunng the late response, but there were no signifi-
cant increases in the number of sputum neutrophils or MCC.
This suggests the albuterol-enhanced late response mav be as-
sociated with increased numbers of cosinophils rather than
neutrophils or MCC, and 1s supported by the observation that
sputum ECP levels in the present study, and sputum cosino-
phils in other studies of patients with asthma (30, 31) correlate
with parameters of airflow obstruction.

We did not confirm the observations of Maestreili and co-
workers (31}, who demonstrated a significant correlation be-
tween the magmitude of bronchoconstriction after isocvanate
inhalation and the increase 1n sputum eosinophil counts. It s
possible that this lack of correlation is because of different
mechanisms involved. The lack of correlation is more hkely
due to large intersubject vanability in the magnitude of aller-
gen-induced eosinophiha, which has previously been de-
scribed (8), and suggests the need for a larger subject sample
size to further investigate the relationship between airway
responses and airway cosinophilia. However, the level of ECP
in sputum correlated well with airway responses, supporting
the relationship between cosinophil activation and airflow ob-
struction.

The allergen inhalation was started 12 h after the last dose
of albuterol, which 1s longer than its duration of pharmacolog-
ical action. This suggests that the increases in allergen-induced
late responses and eosinophil influx during the late response
are a consequence of cvents in the airways which persist for
8-12 h after the pharmacological effects of aibuterol are over.
{n addition, there was no difference in allergen-induced air-
way hyperresponsiveness measured at 24 h, between albuterol
and placebo treatments, which was 36 h after the last dose of
albuterol. This suggests that the untoward effects of albuterol
on allergen-induced responses are short-lived. We did not ab-
serve a difference in blood or sputum cosimophils measured
24 h after allergen inhalation, suggesting albuterol may locaily
enhance allergen-induced eosinophilia in the airways, 7 h after
allergen-inhalation, by altening the kinetics of cosinophil in-
tlux across the awrway. The time course of the changes in aller-
gen-induced airway cosinophils after albuterol treatment also
suggests that the rate of trafficking of eosinophils through the
arway may be increased. Thus, regular treatment with albuterol
may lead (o a faster onset of the appearance aof eosinophils in
the airways, as well as a faster resolution. as sputum eosinophils
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were shghtly but not statistically iower 24 h following allergen,
without altenng the trafficking of other inflammatory cells.
However, there 1s no direct evidence, as vet. to support any of
these hypotheses.

Measurement of induced sputum s a sensitive indicator of
cosinophilic airway inflammation. and it can be used to distin-
guish between Jdiflcient types of aurway inflammanon (32).
Using induced sputum, we have recently demonstrated that
treatment with inhaled steroud therapy for 7 d caused a signifi-
cant reduction of sputum cosinophils and EG2 positive cells
(activated eosinophils) (10) associated with complete attenua-
tion of the late response and significant reduction of allergen-
induced airway hyperresponsiveness. In the present study, we
also found an allergen-induced increase in both the number of
cosinophils and the number of activated cosinophils. Quantifi-
cation of cosinophils dual stained with FITC and EG2 demon-
strated that the ratio of cosinophils localizang EG2 did not
change after allergen inhalation (Table 3). This indicates that
the allergen-induced ncrease 1n activated eosinophuls 1nto
sputum 1s due to an nflux of eosinophils into the airways
rather than an increased level of activauon of airway eosino-
phils. These results support our carlier abservations with aller-
gen-induced cosinophilia (10). Furthermore, albuterol may be
enhancing the influx of cosinophils into the airway without af-
fecting their level of activation.

The mechanism of the albuterol-induced increases in aller-
gen-induced airway eosinophils was not investigated n this
study. Short term treatment with albuterol has been reported
to down-regulate pulmonary B,-receptors :n vivo in humans
(33). Down-regulation of B,-receptors on immune cells may
render these celils more easily acuivated to participate in airways
inflammation due to overexpression of adhesion molecules.

Finally. 1t 1s also possible that the enhanced late broncho-
constnctor response with albuterol treatment is not only asso-
ciated with increased influx of eosinophils into the airways,
but also may be associated with tolerance to the broncho-pro-
tective effect of the inhaled B;-agomist (34). Desenuitization of
B:-adrenoceptor-induced cAMP formation has been observed
in cultured airway smooth muscie cells (36), and this response
tn vive may render subjects less able to respond to endoge-
nous catecholamines.

In this study. one week regular treatment with albuterol
did not have an effect on bascline FEV,, methacholine PCy,,
allergen-induced early responses, or baseline numbers of in-
flammatory cells measured in penpheral blood or sputum.
Studies with longer term regular treatment of B,-agonmist have
shown increased airway hyperresponsiveness to nonallergic
sumult (14, 15), and increased EG2 positive ceils in bronchial
bropsies (18). It may require a similar length of albutero! treat-
ment to demonstrate increased indices of inflammation in pe-
nipheral blood or sputum in tlus group of muld asthmatics.

The clinical consequences of the effect of regular albuterol
use on allergen-induced airway responses and inflammation
are not known. However, it 15 a concern that one reason for
asthmatics to increase their usage of nhaled B,-agonists 1s
duning allergen exposure, when asthma symptoms increasce
Whether or not this repeated use of an inhaled B,-agomist dus-
ing regular and repeated allergen 1nhalation, rather than the
single, high dose allergen inhalation used 1n this study to elicit
late responses, further enhances ailergen-induced responses
and cosinophil influx requires further study.

In conclusion, this study confirms previous observations
that regular treatment with inhaied B;-agomst enhances the al-
lergen-induced late bronchoconstnctor response. In addition,
this study demonstrates an enhancement of allergen-induced
cosinophii influx into the airways with regular aibuterol treat-
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ment, suggesting that albuterol enhances the late bronchocon-
strictor response (o inhaled allergen by increasing the rate of
mnflux of airway eosinophils.
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CHAPTERS:
PROTECTIVE EFFECTS OF INHALED PGE, ON ALLERGEN-INDUCED

AIRWAY RESPONSES AND AIRWAY INFLAMMATION

Abstract

Inhalation of prostaglandin E, (PGE,) has been reported to prevent allergen-induced
bronchoconstrictor responses. however, alterations of PGE, levels in the lung may have
beneticial or deleterious etfects on airway tunction. This study compared the etfects of
inhaled PGE,, administered at different times, on allergen-induced bronchoconstrictor
responses and airway intflammation. Twenty mild asthmatics with a documented dual airway
response to inhaled allergen were recruited into two separate double-blind randomized cross-
over studies which dittered only in the time between the drug inhalation ( 100pg) delivered
7 minutes (immediate) and 19 minutes (delayed) betore allergen challenge. FEV, was
measured for 7 hours. Sputum was sampled at baseline, 7 and 24 hours following challenge.
Following the immediate challenge. PGE, attenuated the early (10.3+2.5% vs 24.4+3.6%:
p.002) and late (12.6+£3.6% vs 21.2+2.7%; p=0.03) maximal fall in FEV,, airway
hyperresponsiveness, (1.5mg/ml (GSEM 1.4) vs 1.0mg/ml (GSEM 1.4) p=0.03) and sputum
eosinophils (21.0+7.3% vs 36.3x8.8%: p=0.01). Following the delayed challenge. PGE,

enhanced the maximal fall in FEV, (28.1£2.9% vs 20.7+3.9%; p=0.01) and sputum
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neutrophils (47.4£6.1% vs 30.6+5.1%; p=0.01) during the late airway response with no
difference in airway hyperresponsiveness or sputum cosinophils (p>0.05). These results
indicate that there is a therapeutic window for administration ot PGE,. which may provide
anti-intlammatory protection trom allergen challenge.  In contrast. inhalation of PGE,

outside this window may. in fact, worsen the late airway response to allergen.

Introduction

Prostaglandin E; (PGE,) is present in human airways as a cyclo-oxygenase product
ot airway cpithelium (1) and airway smooth muscle (2), and demonstrates bronchoprotective
eftects in patients with bronchial asthma. PGE, has been shown to protect against exercise-
induced (3), allergen-induced (4.5). and aspirin-induced bronchoconstriction (6). as well as
bronchoconstrictor agents such as metabisulfite, methacholine and histamine (7. 8, 9). PGE,
may represent an endogenous protective mechanism for airways, however, alterations of
PGE, levels in the lung may have beneticial or defeterious etfects on airway tunction (10).

Airway inflammation is an important characteristic in patients with current
symptomatic asthma. This has been demonstrated by increased numbers of inflammatory
cells in bronchial biopsies and lavage, and in sputum (11) from asthmatics when compared
to non-asthmatics. PGE, is thought to have inhibitory effects on most inflammatory cells,
including antigen-induced mediator release trom mast cells (12), and eosinophil

degranulation (13) chemotaxis, and cytokine-stimulated survival (14).
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Allergen challenge is a valuable laboratory model tor the study ot the pathogenesis
of airway inflammation in asthma. Allergen inhalation results in acute bronchoconstriction
in sensitized subjects, and in 30-60% of adult subjects, this is tollowed by a late
bronchoconstrictor response (LAR). The LAR is associated with the development of
allergen-induced airway hyperresponsiveness (15) and increases in the number of airway
inflammatory cells, particularly eosinophils and metachromatic cells (MCC), in induced
sputum (16.17). Sputum induction 1s a safe. non-invasive method of directly obtaining
repeated samples of airway secretions (11). Measurement ot inflammatory cells from
sputum is repeatable (18,19), reflects airway responses to inhaled allergen (17), and has been
shown to demonstrate the effects of therapeutic intervention (20, 21).

Inhaled PGE, has been demonstrated to prevent early and late allergen-induced
bronchoconstrictor responses when given immediately before allergen inhalation challenge
(4. 3). We postulated that PGE, may exert bronchoprotective effects on allergen-induced
bronchoconstriction by inhibiting airway inflammation. which may be assessed by
measurements of inflammatory cells in induced sputum. This study examines the anti-
inflammatory role of PGE, inhaled betore allergen challenge, and the therapeutic window

for the anti-inflammatory ettects of PGE,.
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Methods

Subjects

Twenty non-smoking subjects (Table 5.1) with mild atopic asthma (8 female, 12
male), were selected tor the study because ot a previously documented allergen-induced
carly and late bronchoconstrictor response, and gave signed consent to participate in the
study. The study was approved by the Ethics Committee of the McMaster University Health
Sciences Center. Subjects were not exposed to sensitizing allergens and did not have asthma
exacerbations or respiratory tract infections for at least four weeks prior to entering the study.
All'subjects had stable asthma with a forced expiratory volume in one second (FEV,) greater
than 70%% of predicted normal on all study days before allergen inhalation. Subjects used no
medication other than inhaled f,-agonist as required to treat their symptoms. Medication
was withheld tor at least 8 hours betore each visit, and subjects were instructed to refrain
from rigorous exercise, tea or cottee in the morning before visits to the laboratory. The dose
of allergen that elicited a late response during the screening challenge was used on
subsequent allergen challenges. Four of the subjects dropped out of the delayed allergen
challenge due to protocol violations. Of these subjects, 3 did not complete the second
treatment period. and | did not develop a late response during either treatment period.

The study was carried out with a double-blind, placebo-controlled, randomized,

cross-over design. Each subject completed two treatment periods with inhalation of either
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100 pg PGE, (Sigma Chemical Co, St. Louis, MO) diluted in 0.05 ml 100% ethanol and 4.95

ml physiological saline. or placebo consisting of 0.05 ml 100% ethanol and 4.95 ml
physiological saline. Each treatment period consisted of 3 visits to the laboratory. Baseline
measurements of FEV,, the provocatve concentration ot methacholine causing a 20% fall
in FEV, (PC,y), blood and induced sputum ditterential and total cell counts were determined
one day before allergen challenge. Drug or placebo treatment and allergen challenges were
carried out the tollowing moming. Spirometry was measured after allergen inhalation until
7 hours, and sputum samples were obtained at this time. Sputum could not be induced
carlier than 7 hours because inhalation of hypertonic saline can cause bronchoconstriction
which would interfere with measures of allergen-induced airway responses. Methacholine
PC,,. blood and sputum samples were obtained 24 hours post-allergen. Each treatment
period was separated by a washout period ot at least 3 weeks.
PGE, and Placebe Inhalation

Stock solution of PGE, was prepared at a concentration ot 2 mg/ml by dissolving 10
mg PGE, (Sigma Chemical Co. St. Louis, MO) in 5.0 ml of 100% ethanol. This solution
was stored at -70°C. Immediately betore use, 0.50 ml of stock solution (equivalent to 100
ng PGE,) was added to 4.95 ml physiological saline. Subjects inhaled all ot this solution by
tidal breathing from a Fisoneb ultrasonic nebuliser (Canadian Medical Products, Ltd.,
Markham, Ontario. output | ml/min, acrodynamic mass median diameter 5.6 um). FEV, was

measured betore and after inhalation ot PGE, or placebo, and side effects were recorded.



88

The allergen inhalation challenge was started within 3 minutes, and was completed within
7 minutes tollowing PGE, or placebo inhalation. This dose and timing of administration of’
PGE, has been previously described to significantly attenuate allergen-induced
bronchoconstrictor responses (4).

In normal subjects. inhalation of PGE, causes initial bronchoconstriction tollowed
by bronchodilation, which can be accompanied by transient cough, retrostermal soreness and
airway secretions. To avoid unblinding of investigators, PGE, and placebo were inhaled in
a closed room, with only one investigator present. This unblinded investigator was
responsible only ftor preparation and administration ot drug. and recording side eftects, if
any. Allergen challenges, measures ot methacholine hyperresponsiveness and sputum

intlammatory cells were carried out by investigators who remained blinded to the treatment.

Methacholine inhalation challenge was performed as described by Cockeroft (22).
Subjects inhaled normal saline. then doubling concentrations of methacholine phosphate
tfrom a Wright nebulizer tor 2 minutes. FEV, was measured at 30, 90, 180 and 300 seconds
after each inhalation. Spirometry was measured with a Collins water sealed spirometer and
kymograph. The test was terminated when a fall in FEV, of 20% of the baseline value

occurred, and the PC,, was calculated.

Immediate Challenge:  Allergen inhalation challenge, with 8 subjects was performed
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as described for the delayed challenge, using only the highest concentration of allergen
utilized during the screening allergen challenge.

Delaved Challenge: Allergen challenge. with 8 subjects, was performed as described
by O'Byrne et al (23). The allergen producing the largest skin wheal diameter was diluted
in normal saline. The concentration ot allergen extract tor inhalation was determined trom
a tormula described by Cockerott ¢t al (24) using the results tfrom the skin test and the
methacholine PC,,. The first concentration of allergen extract tor inhalation was one
doubling concentration below that causing at least a 15% late fall in FEV, during the
screening allergen challenge. The first concentration of allergen was inhaled trom a Wright
nebuliser for 2 minutes. and the FEV, was measured at 10 minutes following allergen
inhalation. [f the FEV, dropped »40% trom baseline, the challenge was discontinued. [f the
FEV, was similar to the screening value, the allergen challenge was continued. The second
concentration of allergen was then inhaled for 2 minutes (Figure 5.1), and post-allergen FEV,
was measured at 10, 20, 30, 40, 50, 60, 90 and 120 minutes tollowing the second allergen
inhalation, then each hour until 7 hours atter allergen inhalation. The same inhalation

protocol and allergen concentrations were administered tor the placebo and PGE, treatment

study period.
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The early bronchoconstrictor response was taken to be the largest tall in FEV, within

2 hours atter allergen inhalation. and the late response was taken to be the largest tall in

FEV, between 3 and 7 hours atter ailergen inhalation. | he area under the curve (AUC) was

determined during the early and late response by plotting the response using graphics

software (Fig P.. Fig P Software Corporation, Durham, NC, USA), which calculated the area
of the FEV, response.
12 od Co

Blood was collected into heparinized tubes by direct venipuncture, and blood smears

were made tor ditferential staining (Dift Quick: American Scientific Products, McGaw Park,

IL). Ditterential cell counts were obtained from the mean of two slides with 400 cells

counted per shide. Total cell count was determined using a haemocytometer (Neubauer

Chamber, Hausser Scientific, Blue Bell, Pa), and cell popuiations were expressed as the

number per ml blood by dividing by the total number of cells counted. and multiplying by

the total cell count.

Sputum was induced and processed using the method described by Popov ¢t a] (18).
Subjects inhaled 3%. 4% then 5% saline for 10 minutes cach. The induction was stopped
when an adequate sample was obtained, or if the FEV, dropped 20% from baseline. Cell

plugs with little or no squamous epithelial cells were selected from the sample using an
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inverted microscope, separated from saliva. and weighed. Samples were aspirated in 4 times
their volume of 0.1% dithiothrertol (Sputolysin, Calbiochem Corp. San Diego. CA, USA)
and 4 times their volume of Dulbecco's phosphate butfered saline (DPBS, Gibco BRL, Life
technologies, Grand Isiand, NY). The cetl suspension was tiltered through a 32 um nylon
gauze (BNSH Thompson, Scarborough. Ont., Canada) to remove debris, then centrifuged at
1500 rpm for 10 minutes. The total cell count was determined using a haemocytometer
(Neubauer Chamber, Hausser Scientitic, Blue Bell, Pa) and expressed as the number ot cells
per ml sputum.  Cells were resuspended in DPBS at 0.75-1.0x10°/ml.  Cytospins were
prepared on glass slides using 50 ul of cell suspension and a Shandon [ Cytocentrifuge
{Shandon Southern Instruments, Sewickly, PA, USA), at 300 rpm tor 3 min. Differential cell
counts were obtained from the mean of two slides with 400 cells counted per slide stained
with Dift Quik. Metachromatic cell (mast cell and basophil) counts were obtained from
stides stained with toluidine blue, trom the mean of two slides with 5000 cells observed on
cach slide.  Cytospins were also prepared on aptex coated slides and tixed in periodate-
Ivsine-paratormaldehyde for immunocytochemical staining.  Slides were stained for
activated cosinophils using a mouse monoclonal anti-human antibody directed against
cleaved cosinophil cationic protein (EG2) at 1 ug/ml (Kabi Pharmacia, Uppsula, Sweden).
The EG2 antibody was diluted in 1.0% BSA (Sigma Chemical Co.) and wash buffer made
up ot DPBS. 0.01M HEPES butter (Beohringer Manheim Canada Ltd) and 0.01% saponin

(Sigma Chemical Co.), and slides were incubated with EG2 antibody overnight. Specific
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binding of antibody was detected by the alkaline phosphatase anti-alkaline phosphatase
method (25). Mouse [gG, (Sigma Chemical Co.) was used as a negative control.  The
percentage ot cells positive tor EG2 antibody was determined trom a count ot 500 cells

under lhight microscopy.

Statistical Ap:

Measurements of FEV, are reported at body temperature and pressure saturated. All
summary statistics are expressed as mean and standard error of the mean (SEM) with the
exception of methacholine PC,, measurements which are measured by linear interpolation
of log dose response curves resulting in logarithmic values tor PC,,, and expressed as
geometric mean and geometric standard error of the mean (GSEM) . Two-tailed Students
t-test for paired observations was used to compare the carly and late airway responses to
allergen. The eftects of placebo and PGE, treatment on baseline FEV,, und on the allergen-
induced change in methacholine PC,,, and blood and sputum intlammatory cells were
analyzed using a 2 factor repeated measures ANOVA (26).  Statistical analyses were

pertformed using computer software (Statistica 4.5, Stat Soft Inc 1993).

Results
Airway Physiology
Immediate Challenge: There was no change in FEV, measured 5 minutes after

inhaled placebo or PGE, (p=0.41), with the FEV, being 3.8 £ 0.1 L/sec before and 3.8 £ 0.2
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L/sec after placebo. and 3.7 £ 0.1 Lssec betore and 3.7 0.2 Lisec after PGE,. Inhaled PGE,
significantly reduced the allergen-induced early response. measured as either the maximal
fall in FEV,, being 24.4 = 3.6% after inhaled placebo and 10.3 £ 2.5% after inhaled PGE,
(p=0.002) (Figure 2), or the AUC (p=0.008). [nhaled PGE, also signiticantly reduced the
allergen-induced late response. measured as the maximal fall in FEV,, being 21.2 £2.7%
after inhaled placebo and 12.6 = 3.6% atfter inhaled PGE,. (p=0.03) (Figure 2). The
methacholine PC,, decreased trom 2.6 mg/ml (1.5 GSEM) betore. to 1.0 mg/mi (1.4 GSEM)
after allergen with placebo treatment (p=0.02). and this allergen-induced decrease of
methacholine PC,, was significantly attenuated with PGE, treatment (p=0.03), being 1.6
mg/ml (1.3 GSEM) betore, and 1.5mg/ml (1.4 GSEM) following challenge.

Delaved challenge: There was no change in FEV| measured 5 minutes after placebo
or PGE, inhalation (p=0.44), with the FEV being 3.4 £ 0.2 Lisec before and atter placebo,
and 3.5 + 0.2 L/sec betore and atter PGE,. Following the delayed allergen challenge, the
allergen-induced early response was not different between treatments, as measured either by
the maximal tall in FEV, being 26.9 £ 4.1% after inhaled placebo and 26.8 £ 3.4% after
inhaled PGE, (p=0.98). or the AUC (p=0.30). However, the allergen-induced late response
was significantly enhanced by inhaled PGE,. as measured either by the maximal fall in FEV,
being 20.7 + 3.9% after inhaled placebo and 28.1 £ 2.9% after inhaled PGE, (p=0.01)
(Figure 5.2). or the AUC (p=0.04). The allergen-induced change in methacholine PC,, was

not different between treatment with placebo or drug. changing from 1.4 mg/mi (1.4 GSEM)
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to 1.3 mg/ml (1.6 GSEM) after placebo and from 1.5 mg/ml (1.4 GSEM) to 0.9 mg/ml (1.5
GSEM) after PGE, (p=0.22).
Bloo

Immediate Challenge: There was a significant allergen-induced increase in the
number of circulating cosinophils from 27.8 = 3.5 x10"ml to 42.5 = 6.1 x10*/ml (p=0.04),
however, there was no effect of PGE, on the number ot circulating eosinophils, being 37.8
£ 6.6 x10*'ml betore and 49.4 = 7.8 x10*ml (p=0.67) 24 hours following allergen. There
was no change in the number ot circulating neutrophils tollowing allergen with placebo or
PGE, treatment (p=0.31).

Delayed Challenge: There was a signiticant increase in the number of circulating
cosinophils trom 36.4 £ 5.6 x10*ml to 53.3 £ 10.9 x10*/ml 24 hours following allergen
(p=0.05), however there was no significant ettect ot PGE, on this allergen-induced blood
cosinophilia being 46.9 £ 10.6 x10*'ml betore and 87.5 + 20.6 x10*/ml following allergen
(p=0.13). The number of allergen-induced circulating neutrophils increased from 364 + 44
x10Yml to 444 £ 50 x10*/ml with PGE, treatment, compared to a fall trom 395 + 36 x10Y/ml
to 385 £ 43 x10*ml with placebo treatment 24 hours following allergen, however this
difterence did not reach statistical significance (p=0.07).

Sputum
Immediate Challenge:  The number of cells retrieved per ml sputum following

allergen was not statistically altered compared to baseline (p=0.07). nor was there an effect
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of PGE, (p=0.38) (Table 5.2). There was an allergen-induced increase in the % eosinophils
(p=0.045), % EG2-positive cells (p=0.03). and % neutrophils (p=0.02). The % MCC did not
increase significantly following allergen (p=0.18). Treatment with PGE, significantly
attenuated the ailergen-induced ncrease in %o eosinophils (p=0.01), % EG2-positive cells
(p=0.02). and significantly reduced the % MCC following allergen (p=0.02) (Table 5.2,
Figure 5.3).

Delayed Challenge: There was no significant eftect ot allergen or treatment on the
total number of retrieved cells/ml sputum (p>0.06) (Table 5.2). There was a significant
allergen-induced increase in the % sputum eosinophils (p<0.001) and % EG2-positive cells
(p=0.02) which peaked at 24 hours tollowing allergen (Table 5.2). There was no significant
change in the % MCC (p=0.06) or ®o neutrophils (p=0.08) following allergen. Treatment
with inhaled PGE, did not significantly change the allergen-induced increases in sputum %
eosinophils (p=0.31). or % EG2-positive cells (p=0.31). There was, however, a significantly
higher % sputum neutrophils with PGE, compared to placebo treatment at 7 hours following

allergen (p=0.03) (Table 5.2).

Discussion
These results demonstrate that inhalation of PGE, immediately before allergen
challenge suppresses allergen-induced airway inflammation in sputum, as indicated by a

significant attenuation of allergen-induced increases in sputum eosinophils, EG2-positive
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cells. and MCC up to 24 hours following challenge. This is the tirst time a non-steroidal
agent has been shown to have anti-inflammatory properties in humans using inhaled allergen
to induce airway inflammation.

Allergen mhalation by atopic asthmatics results in a sputum eosinophilia which
develops during the late response, within 7 hours following challenge. Inhaled
corticosteroids and P,-agonists, which have been shown to alter the severity ot the late
response, also alter the increases in sputum cosinophils measured during the late response
(20.27), suggesting the cosinophil is, at least in part. associated with the development of the
late response after irhaled allergen. The results from the present study confirm these
previous observations. this time with a non-steroidal agent. suggesting that inhibition of the
late response by PGE, occurs as a result of attenuating airway eosinophilia.

There was a major ditference in the etfects of PGE, treatment in the airway when
allergen was inhaled immediately following PGE, compared to when the challenge was
delayed. [nhalation of allergen within 7 minutes following PGE, treatment resulted in
attenuation of the allergen-induced early and late responses, airway hyperresponsiveness to
methacholine, and sputum cosinophilia. In contrast, when inhalation of allergen was
completed 19 minutes following PGE.. there was a signiticant enhancement of the allergen-
induced late response and no protection against airway hyperresponsiveness to methacholine
or sputum cosinophilia. Inhalation of PGE, has been reported to cause transient

bronchoconstriction, measured 5 minutes atter inhalation in asthmatics, followed by slight
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bronchodilation. lasting up to | hour (10). as well as decreased histamine airway
responsiveness, when PGE, preceded histamine challenge by 3 minutes. and increased
histamine airway responsiveness when PGE, preceded histamine challenge by 35 minutes
(9). In the present study, bronchoconstriction did not occur after inhaled PGE,.
Bronchodilation following inhaled PGE, may account, in part. tor the attenuation of the early
responses observed tollowing the immediate challenge. However, this could not account for
the attenuation of the late response by PGE, tollowing the immediate challenge or the
absence ot attenuation ot the carly and late airway responses by PGE, following the delayed
challenge.  Furthermore, attenuation of the carly and late responses to allergen was
accompanied by reduced allergen-induced airway inflammation. and protection against
allergen-induced airway hyperresponsiveness. Taken together, the results of the present study
indicate that inhaled PGE, has anti-inflammatory eftects in asthmatic airways, and that its
cttects on allergen-induced asthmatic responses are not as a tunctional antagonist, as are the
effects of inhaled B.-agonists (27). These results also suggest that, as PGE, can attenuate
allergen-induced airway responses long aftter its direct pharmacological activity has resolved
(7 and 24 hours after inhaled allergen). its action is through inhibiting very early allergen-
induced airway events, such as mast cell degranulation and mediator release.

The mechanisms by which PGE, may regulate airway hyperresponsiveness and
airway inflammation following allergen challenge are speculative. The release of

arachidonic acid from cell membrane phospholipids following challenge to the airways can
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result in the production of a wide variety of mediators, including prostanoids. thromboxane,
and leukotrienes, which may be relevant in the pathogenesis ot asthma. Substances such as
thromboxane (TX)A, and the cysteinyl leukotrienes (LT)C,, D, and E, are potent
bronchoconstrictors 1n asthmatic airrways (28.29), and can be modulated by PGE, . 1'xA,1s
released tollowing allergen challenge (30). Pre-incubation with PGE, has been shown to
reduce arachidonic-induced release ot thromboxane A, from human bronchial biopsies (31).
There is more substantial evidence to support the role of cysteinyl leukotrienes in the
pathogenesis of asthma. The cysteinyl leukotrienes are released following allergen challenge
(32.33) and recently L.TD, inhalation has been shown to cause bronchoconstriction and
increased sputum eosinophils in asthmatics (34). Administration of leukotriene antagonists
betore challenge are effective in attenuating the allergen-induced early and late responses
(33). Eosinophils and mast cells, which are present in greater numbers in the asthmatic lung
(11), are the sources of the cysteinyl leukotrienes. Also. eosinophils are known to have
several feedback mechanisms to promote their proliferation, activation and survival by
synthesizing eosinophilopoietic cytokines. There are several ways in which PGE, may
modulate this teedback. Endogenous PGE, inhibits PAF-induced LTC, synthesis by
eosinophils (36) and PGE, has been shown to inhibit eosinophil degranulation (13).
[ncreased intracellular levels ot cAMP by PGE, have been shown to suppress leukotriene and
prostaglandin production by neutrophils and ecosinophils, and adenosine 3'.5'-cyclic

monophosphate (cAMP) inhibition of release of substrate arachidonic acid from
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phospholipid pools occurs at levels consistent with interaction with the PGE receptor (37).
The tindings of the current study, that inhaled PGE, attenuates the LAR and sputum
cosinophilia, are consistent with the hypothesis that PGE, may inhibit allergen-induced LTC,
synthesis, and thereby cosinophil accumulation in the lung. Untortunately. however, urinary
levels of leukotriene were not measured in this study, which would demonstrate whether
allergen-induced LTC, production was indeed inhibited by PGE,.

There are many other events leading to the development ot allergic inflammation.
which PGE, may modulate. PGE, has been shown to regulate the production of PBMC-
derived cytokines such as interleukin (IL)-2, [L-4 and [L-5 by clevating intracellular levels
of cAMP (38), and has been shown to induce a shift in the tunctional profile of cytokine
message in T lymphocytes (39), possibly by the same mechanism. The adherence of
inflammatory cells to endothelium is one of the initial events necessary for migration of these
cells through the vascular wall. PGE, has been shown to inhibit transendothelial migration
of human lymphocytes (40), and inhibit tumour necrosis tactor (TNF)-alpha-induced
intercellular adhesion molecule (ICAM)-1, endothelial leukocyte adhesion molecule
(ELAM)-1. and vascular cell adhesion molecule (VCAM)-1 expression, as well as
lymphocyte adhesion to human airway smooth muscle (41). This suggests that PGE, can
modulate cell recruitment indirectly through inhibition of TNF-alpha, and is consistent with
experiments demonstrating that PGE, blocks lipopolysaccharide-induced TNF-alpha

production and neutrophil recruitment to the lung (42).
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Following the delayed challenge, PGE, significantly enhanced the allergen-induced
LAR, increased sputum neutrophils during the late response compared to placebo, and there
was a trend for blood neutrophils to be higher with PGE, treatment 24 hours following
allergen. Adminstration ot PGL, outside its therapeutic window may intertere with the
regulation of TNF-alpha by endogenous PGE,, leading to an enhanced neutrophilia rather
than suppression of inflammation as in the immediate challenge. One mechanism may be
through the prostanoid receptor refractoriness, as the prostanoid FP-receptor recognizing
PGF, .. D.and E, is shown to become refractory when pretreated with a maximally effective
concentration of prostaglandin (43). That PGE, did not protect the airways trom allergen
challenge during the delayed challenge is not likely due to the short half life of PGE,, as 95%
ot infused PGL, is inactivated during one passage through the pulmonary circulation (44),
and would no longer be present during cither of the challenges. The amount of PGE, bound
to receptor at the time of allergen inhalation may be more relevant, however, this is not
currently known in vive. Furthermore. regular treatment with f.-agonist, which also
mediates its actions by increasing intracellular levels of cAMP, and like PGE,, has been
shown to inhibit LTC, synthesis by platelet activating tactor-stimulated eosinophils (36), and
has been shown to enhance the LAR and sputum ¢osinophils during the late response (27).
suggesting that agents which elevate cAMP may have the capability to enhance rather than
inhibit cell activation following allergen challenge pending timing or duration of

administration.
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We have demonstrated that PGE, does indeed mediate anti-inflammatory etfects in
allergen-challenged airways. However, beneficial actions of PGE, are only demonstrated
when it is inhaled within the therapeutic window, which we suggest is less than 19 minutes.
PGE, 1s a complex mediator, whose ettects, we have confirmed. are dependent on timing (9)
of administration.  Although PGE, tormulation and administration for the treatment of
airway inflammation in asthma may present many challenges. the therapeutic implications
ot regulating the immune response in the lung, by a mediator known to be synthesized by

airway cells, remains an attractive alternative to the present anti-asthma therapies.
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Table 5.1: Subject lung function characteristics, allergen dose. and treatment randomization.

Subject Age Gender FEV, Methacholine Inhaled Allergen Order of
Number (years) (% predicted) | PCy (mg'mi) Allergen Dilution Treatment
1-1 19 F 97.3 314 HDM 1:256 PGE, Plac
2-1 24 M 788 1.89 (irass 1:1024 Plac PGE,
3-1 19 M 931 31.84 Grass 1:1024 Plac PGE,
4.1 21 M 907 259 Ragweed 1:256 PGE, Plac
5-1 24 M 836 1.66 HDM 1:512 PGE, Plac
6-1 21 F 95.0 1.51 HDM 1:256 PGE, Plac
7-1 23 M 81.1 1.51 Cat 1:16 Plac PGE,
8-1 23 M 90.7 0.40 HDM 1:1024 Plac PGE,
1-D 21 M 883 1.22 Grass 1: 2048 Plac PGE,
2-D 21 F 79.7 1 00 HDM 1:2048 PGE, Plac
3-D 23 F 853 054 HDM 1:256 Plac PGE,
4-D 21 F 95.0 974 HDM 18 Plac PGE,
5-D 45 M 6.5 192 Cat 1.64 Plac PGE,
6-D 24 M 845 1.49 Ragweed 1:2048 Plac PGE,
7-D 22 F 79.3 1.00 Ragweed 1:2048 PGE, Plac
8-D 21 M 745 1.17 Ragweed 1:4 Plac PGE,

FEV,; forced expiratory volume in | second. Methacholine PC,; provocative concentration of methacholine for 20% reduction in
FEV,. I, immediate challenge. D delayed challenge. F: female. M: male. HDM. house dust mite. Plac: placebo treatment, PGE.: PGE,

treatment
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Table 5.2: Comparison of allergen-induced changes in sputum inflammatory cells with allergen challenge completed 7 minutes (immediate challenge) or 19

minutes (delayed challenge) following pretreatment with 100 ug PGE, or placebo

BASELINE 7 HOURS POST ALLERGEN 24 HOURS POST ALLERGEN
Placebo PGE, Placebo PGE, Placebo PGE,
Immediate Challenge
Eosinophils (%0) 7947 I1.1+48 264+ 834 1761474 363+ 88 209 £ 7.3 a*
EG2 positive (%0) 69+43 8$7+38 198+ 874 10S+34°* 274+ 7.1 13.1+38*
Neutrophils (%o} 480- Q8 347+48 629+ 81 580+ 100~ 400+ 87 o 385+66 »
MCC (%) .08 £+ 0.06 016+ 008 037+015 029:011° 066+ 029 021+006°*
Total cells (10*mD 203047 243+056 495+ 178 3158+ 08S 363+0096 415+ 068
Delayved Challenge
Fosinophils (%0) 67418 52+11 3464 4 2606+ 58 ¢ 331 +£5.7 359+42
EG2 positive (°0) 4017 56+26 105+ 30 [17+349 a 192460 4 243+ 70
Neutrophils (%o) 190 72 329+ 7.0 306+ 51 474+61° 255+ 48 277+50
MCC (%) 014+005 016 +003 027+010 022+004 023+003 039+:013
Total cells (10°'ml) 198 + 023 1.63+037 217+ 054 345+ 095 296+ 0.69 351+ 081

Data are presented as means + SEM MCC, metachromatic cells, 4. p~0 03 allergen-induced change from baseline. *. p~0 05 difference from baseline. placebo

versus PGE,
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Inhalation: PGE, Allergen
1 1 L L L
8 min Smin 2 min 10 min
! ! 1
FEV, FEV, FEV,
Baseline 0-7h
Delayed Challenge
Inhalation: PGE, Allergen Allergen
L L L ] )| 1 1
8 min S5min 2 min 10 min 2 min 10 min
1 ! 1 1
FLEV, FEV, FEV, FEV,
Baseline 0-7h

Figure 5.1: Schematic demonstrating the sequence and duration of PGE, and allergen
inhalation during the immediate and delayed challenges. FEV ; torced expiratory volume
in 1 second. PGE,: prostaglandin E,.
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Figure 5.2: The allergen-induced early and late airway responses tollowing the immediate
challenge (lett panel) and the delayed challenge (right panel) with allergen (solid symbols)

or diluent (open circles). following treatment with placebo (solid circles) or PGE, (solid
squares).
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Figure 5.3: The percent sputum eosinophils (top panel), EG2+ cells (middle panel) and
metachromatic cells (bottom panel) before, 7h and 24h tollowing the immediate allergen
inhalation challenge, following treatment with placebo (open bars) or PGE, (solid bars).
V. p<0.05 allergen-induced increase, *; p<0.05 PGE, versus placebo ditference



CHAPTER 6:
ALLERGEN-INDUCED AIRWAY INFLAMMATION: SUMMARY OF

FINDINGS, GENERAL DISCUSSION AND FUTURE DIRECTIONS

Summary of Findings

The results in this thesis indicate that allergen inhalation challenge. together with
measurements of allergen-induced sputum intlammatory cells, provides a repeatable and
sensitive model for assessing the anti- and pro-inflammatory properties of established or new
asthma therapies.

We have characterized the kinetics of allergen-induced airway inflammation for 7
days. demonstrating the degree and duration ot eosinophilia and metachromacia in sputum.
The optimal times for measuring changes in allergen-induced sputum eosinophils and
metachromatic cells have been suggested to be 7 and 24 hours tollowing challenge. We have
also demonstrated that maximal numbers of activated cosinophils (EG2-positive) are
coincident with maximal number ot eosinophils immunoreactive for IL-3, eotaxin and
RANTES at 7 hours, confirming their participation in allergen-induced airway inflammation.
Measurements of cytokine levels in induced sputum taken betore 7 hours could clarify the
interaction that exists between these cytokines, leading to airway eosinophilia. The

development of methods to measure inflammatory markers in sputum, such as
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immunocytochemistry for IL-3. eotaxin and RANTES., will contribute to our understanding
of recruitment of eosinophils to the airway after allergen challenge. For a comprehensive
investigation of eosinophil recruitment. one must consider the kinetics of expression of
adhesion molecules, cosinophil activators and chemotaxins, and cytokine receptor
expression. These staining methods could be developed tor tuture studies to evaluate the
expression of these other markers ot inflammation in serial sputum samples following
allergen challenge.

We have demonstrated that the allergen-induced increase in sputum eosinophils is
a reproducible measurement.  Power calculations using data from repeated allergen
challenges were used to predict sample sizes required to show allergen-induced differences
in sputum cosinophils between placebo or active treatment.  We have predicted that the
sample size required to demonstrate a 50% attenuation of allergen-induced increases in %
sputum eosinophils in a placebo-controlled cross-over study with repeated measurements of
sputum cosinophils. 1s only 4 subjects. Repeated sputum sampling, which is much more
difficult with sampling of BAL or bronchial biopsies, allows a sensitive statistical analysis
and a practical sample size. The allergen-induced increase in sputum cosinophils may also
be expressed as the absolute cell number per ml sputum, however, the sample size required
to demonstrate a significant reduction in allergen-induced sputum eosinophils is considerably
larger. This is because the total cell count is not a highly reproducible measurement and

adds a substantial amount ot variability to the eosinophil number per ml sputum.
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Measurement ot sputum eosinophils involves a non-invasive technique. can be measured
repeatedly. and is becoming a widely accepted method for assessing airway intlammation.
As sputum eosinophilia may be measured as a primary outcome variable for the evaluation
ot asthma therapies, we have provided the necessary power calculations to predict the sample
sizes required to demonstrate treatment ettects following allergen challenge in placebo-
controlled cross-over studies.

We examined the eftects of the inhaled steroid, budesonide. on allergen-induced
airway inflammation. Budesonide is known to have anti-inflammatory properties, and is
known to attenuate the allergen-induced late airway response and allergen-induced airway
hyperresponsiveness. However, the effects ot an inhaled steroid on allergen-induced airway
inflammation has not been previously studied in asthmatics. This inhaled steroid was used
as our "gold standard" anti-inflammatory therapy to investigate whether or not attenuation
of allergen-induced inflammation can be measured in induced sputum.  Following
budesonide treatment, we observed a significant reduction in the allergen-induced late airway
response, airway hyperresponsiveness, and cosinophils and metachromatic cells in the
sputum. We also demonstrated that PGE.. which has also been shown to attenuate the late
atrway response to allergen, significantly reduced allergen-induced airway inflammation.

We have provided data to demonstrate that the protection afforded by anti-
inflammatory etfects ot an asthma therapy, budesonide, can indeed be quantified in induced

sputum following allergen inhalation challenge. Furthermore, these studies provide
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information regarding the actions ot budesonide and PGE .. which appear to attenuate the late
airway response through their anti-inflammatory effects in the airway.

In contrast, we have demonstrated that regular use of an inhaled B,-agonist, shown
to enhance the allergen-induced late airway response, also enhanced the number of
cosinophils in sputum.and the level of ECP in sputum at 7 hours, during the late airway
response. These observations, taken together with the observations that the allergen-induced
late airway response and airway eosinophils were both attenuated by budesonide and PGE,,
demonstrate that the late airway response is reflected by airway cosinophilia measured in

induced sputum.

General Discussion

The aim of this thesis was to investigate the validity of induced sputum to examine
pharmacological modulation ot allergen-induced airway responses and airway inflammation.
The tollowing discussion will first address the suitability ot the allergen challenge model,
the limitations and assumptions of the techniques utilized to measure allergen-induced
airway inflammation, and the interpretation of these measurements in sputum. The
relationship between inflammatory indices tfrom induced sputum and airway physiology will
be addressed. as well as the importance of optimizing the design of studies for investigation
of asthma therapies. The discussion will also include new insights into the mechanisms of

the asthma therapies studied. and suggest tuture directions to better understand allergic
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asthma and its pharmacologic control.
Allerg alatio alleng

Allergen is inhaled from a nebulizer, which ensures that a constant. reproducible
amount of allergen 1s delivered to the airways in a controlled and sate fashion.
Reproducibility of allergen delivery 1s important for cross-over studies where it is necessary
to give the same airway challenge on a number of occasions and compare the airway
responses. A high dose allergen inhalation challenge represents a more physiological method
to challenge areas ot the lung which would normally encounter allergen.when compared to
instillation ot allergen using a bronchoscope which only challenges a local area of the lung.

High dose allergen inhalation challenge provides a model to assess the overall
impact of an acute allergen exposure on the airway, and is associated with a measureable
degree of airway intflammation for up to | week tollowing inhalation. Furthermore, this
model can be used to assess the overall effects of asthma therapies on acute exposure to
sentitizing allergens. Repeated low dose allergen challenges may be more physiologically
relevant to allergen exposure during an allergy season or long term exposure to a sensitizing
allergen. This low dose allergen challenge model has not been well characterized, and is
currently being investigated (Sulakvelidze ¢t al, 1998). We have used the high dose allergen
challenge model tor all studies included in this thesis, as this model has been well
characterized to assess therapeutic benetits of asthma therapy as measured by airway

physiology, and to induce a measureable degree of airway inflammation. We have, in
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Chapters 3, 4 and 5. demonstrated assessment of sputum to be sensitive enough to retlect.
pharmacological effects of several asthma therapies: budesonide. albuterol and PGE,.
following high dose allergen challenge. Studies using low dose challenge are justified and
will provide valuable intormation necessary to assess the pharmacological etfects of asthma
therapies with long term exposure to sensitizing allergens.

This model of allergen challenge, albeit sensitive, is not without limitations. One of
the assumptions of allergen inhalation challenge in therapeutic trials is that the delivery of
allergen is not altered by the status of the airway. when in fact, it may be. For example,
asthmatic airways under the effect of a bronchodilator may allow allergen to be delivered
more peripherally where the airway response to allergen may not be as great, highly intlamed
and constricted airways may trap the allergen particles centrally where smooth muscle
contraction occurs, thus altered allergen delivery to the airway may make it difficult to
distinguish between the protection atforded by the drug. and the effects of altered allergen
deposition.

The subjects recruited for these high dose allergen challenge studies represent a
subpopulation of asthmatics with mild, well controlled asthma. Results trom these studies
may not be extrapolated to non-atopic asthmatics, or generalized to asthmatics with more
severe disease. This group of mildly asthmatic subjects, however, are necessary to recruit
tor allergen challenge studies in order to safely induce a controlled level of airway

inflammation. particularly in cross-over studies where the subjects will serve as their own
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control.

Allergen inhalation has been used. in this thesis. as a model to induce airway
inflammation. and can also been used to examine the systemic effects of acute airway
challenge. In atopic, mild asthmaucs. inhalation ot allergen results in elevated circulating
levels of eosinophils and their progenitors, possibly through increased expression of
hemopoietic growth factors synthesized by these progenitors, leading to a more rapid
maturation (Appendix 1). These observations provide a tramework to investigate the
pharmacological etfects of asthma therapies in the blood and bone marrow. Achieving low
systemic levels of drugs. such as steroids, may be important to regulate trafficking of
inflammatory cells (Wood gt al, 1998), therefore, measurements of the therapeutic ettects on
blood and bone marrow progenitor cells may provide additional clues to understand the
mechanisms of anti-intlammatory therapies.

Laborato :chniques

The methods for inducing and processing sputum samples have been caretully
evaluated and optimized to minimize any etfects on the tinal proportion of sputum cells
measured on cyto-preparations of the sample. Identitication of sputum cells can be difficult
depending on the quality and viability of the sample (Efthimiadis ¢t _al, 1995), and
turthermore, the morphology and staining characteristics can be altered by apoptosis and
degranulation of the cells (Fokkens ¢t al, 1992). There remain a number of other tactors

which may alter the cell counts in sputum. Repeated sputum induction has been shown to
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elevate the percentage of neutrophils over a number of days (Kips ¢t al, 1995; Holtz et al,
1997), and inhalation of methacholine to determine the PC,, immediately preceding sputum
induction, as we have pertormed in these studies, may alter airway secretions leading to
changes mn total cell counts. We have controlled tor these potential sources ot variability by
designing placebo-controlled cross-over studies, which take into account the effects of all
procedures by comparing samples obtained at the same time points. It would have been
interesting to examine airway inflammation also during the early response, however, we
were unable to induce a sputum sample earlier than 7 hours tollowing allergen inhalation
because inhalation of a bronchodilator is necessary prior to sputum induction. As we were
interested in documenting the late airway response to inhaled allergen, sputum could not be
collected unul after the last measurement of FEV, at 7 hours tollowing allergen challenge.

Cells from induced sputum may undergo apoptosis and phagocytosis. In addition,
as cells are recruited to the airway tollowing allergen challenge. there is a lag time between
the allergen-induced appearance of airway inflammatory cells in sputum and changes in
airway physiology. Theretore, there are a number of assumptions made when one compares
sputum samples from the same time points following allergen challenge. When comparing
the allergen-induced airway inflammatory cell differential counts tollowing drug and placebo
treatments, the assumption is that the rate of apoptosis, phagocytosis or clearance of
secretions trom the airway remain unaltered by the active treatment. Alterations to any one

of these events could alter the number of inflammatory cells present in the sputum at a given
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point in time. Sputum sampling at two time points following allergen inhalation allows one
to determine 1f there is a change in the kinetics ot allergen-induced inflammatory cells, as
was observed following regular treatment with albuterol. One can not readily distinguish
whether this change in kineties represents a change in recruitment of cells to, or ¢learance
of cells from the airway.

Pharmacological modulation of the allergen-induced increase in sputum cosinophils
could occur by several mechanisms, including alterations in production and delivery to the
airway, survival in the airway. and clearance by pulmonary macrophages. Recruitment of
cells to the airway tollowing allergen challenge depends on the development ot an allergen-
induced response (Chapter 2), and 1s reflected by increased numbers of eosinophils and their
precursors in the peripheral blood (Gibson etal, 1991, Appendix 1) and bone marrow (Wood
etal, 1998a). This may be a site of regulation by asthma therapies. as inhaled budesonide
has been shown to reduce the number ot eosinophil colony-torming units in bone marrow
(Wood ¢tal. 1998b). Recruitment ot eosinophils to the airway also depends on expression
of adhesion molecules to enable binding to the vascular endothelium and migration into the
tissue.  Adhesion molecules are present on sputum cosinophils (Hansel et _al, 1991).
Pharmacological alteration of the kinetics of their expression following allergen challenge
would dictate the eosinophil kinetics into the tissue. This could be examined in more detail
with repeated sputum sampling tollowing allergen challenge. Apoptosis of inflammatory

cells and ingestion by macrophages is a mechanism tor cell clearance trom the airway, and
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defective clearance by this mechanism could contribute to cosinophil accumulation in the
airway following allergen challenge. The presence of IL-5 and GM-CSF inhibits apoptosis
of eosinophils and the subsequent phagocytosis by macrophages (Stern et al, 1992),
prolonging survival of cosinophils (Adachi et al, 1995). Apoptosis ot cells is accompanied
by cell shrinkage and DNA fragmentation, and can be identified using cytochemical staining
and light microscopy (Woolley ¢t al, 1996). Measurements of cosinophils and their
precursors in blood. adhesion molecules on sputum eosinophils and apoptotic eosinophils
in sputum may indicate the mechanism by which an asthma therapy alters the allergen-
induced sputum eosinophilia.

We have used immunocytochemical methods in induced sputum to enumerate
activated cosinophils. and measure the level of cytokine expression in the airway.
Immunocytochemistry involves the specific binding ot an antibody to the protein of interest.
then colour development of this bound antibody. Of particular importance is the specificity
of the antibody for the protein of interest.  We have utilized monoclonal antibodies to
cytokines which have been selected for their ability to neutralize the biological activity of
the protein. and based on ELISA and western blot resuits, do not show any cross-reactivity
with proteins of similar structure. Antibodies used for the identification of specitic cell types
should not be expressed by other cells. The antibody we have used to demonstrate the
presence of activated eosinophils. EG2. is specific in that it distinguishes between the stored

and secreted forms of cosinophil cationic protein (Tai et al, 1984). Furthermore, ECP has
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been shown to be cytotoxic to respiratory epithelium jn vitro (Young ¢t al, 1986). and is
commonly measured in sputum supernatant as a marker ot eosinophil activation. ECP,
however. can also be expressed by activated neutrophils, although they possess much less
than cosmophuls (Sur etal, 1991). For this reason, we have developed double-staining ot
sputum samples with FITC, which is specific for ecosinophils at the pH utilized (Filley ¢t g,
1982: Johnston et al, 1974). to contirm the identification of the cells staining positive for
EG2.

A positive signal by immunocytochemistry demonstrates localization of the protein
of interest. This protein may be intracellular. being synthesized and stored by cells known
to express the protein, or phagocytosed by the phagoceytic cells, such as macrophages and
neutrophils. One would expect cells in sputum to be activated to not only express. but also
seerete mediators. A positive signal by immunocytochemistry may also represent secreted
extracellular protein, being bound to a receptor. or trapped by glycoprotein of the cell
membrane. Either way, immunopositivity by a cell represents a specific binding of antibody
to the protein.  Although increased immunolocalization of protein in sputum may not be
interpreted as increased protein synthesis by the cell localizing the protein, it may instead,

be interpreted as a retlection of increased levels (expressed, secreted and receptor-bound) of

protein in the airway.

Measurements of inflammatory cells trom induced sputum have been reported in
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published articles as the absolute number ot cells per volume ot sputum, or as the proportion
of the total cell population. with no apparent preference tor one or the other. One must be
cautious when interpreting cell data presented as percentages of the total population, as the
ratto ot vne cell type may change secondary to a change n another. For example, 1in a
dynamic environment such as the airway, it is not possible to draw conclusions about an
increase in the percentage of cosinophils without also considering if there has been a
decrease in the percentage of another cell type. For this reason, it may be more appropriate
to express the cells as absolute number per mg sputum to estimate the cell load in the airway.
The absolute number of each cell type 1s dependent upon the total cell count per mg sputum
as well as the ratio of cells. The total cell count, alone. is subject to variability introduced
by airway secretions, and is not highly reproducible in sputum (Pizzichini et al, 1996), and
theretore requires a higher sample size than percentages. as demonstrated in Chapter 2. The
absolute number ot eosinophils per mg sputum, however, may be easier to interpret than the
percentage of cosinophils because it is not completely dependent on the ratio of other cell
types.

Traditionally, inflammatory cells in the airway have been associated with activation
of other inflammatory cells, and release ot intflammatory mediators. In the preceding
chapters, we have demonstrated that allergen-induced airway inflammation is associated with
increased levels of activated eosinophils and metachromatic cells (mast cells and basophils),

and cytokines associated with eosinophil chemotaxis and activation (eotaxin, IL-5 and
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RANTES) (Elsner gt af, 1996; Tat et al, 1991: Schmi ¢t al, 1992 Kameyoshi et al, 1992).
Currently, airway inflammatory cells tend to be considered in terms of their pro-
inflammatory contribution to airway inflammation. For example. activated eosinophils and
mast cells are sources ot many pro-intlammatory cytokines, including 1L-3 and GM-CSF,
which may participate in cosinophil recruitment in allergic inflammation (Broide ¢t al, 1992;
Gordon ¢t al, 1990). Regulation of inflammation, however, is much more complex.
Inflammatory cells may also synthesize mediators which suppress intlammation.

Neutralization proteases which degrade harmful mediators (Caughey ¢t al, 1989), heparin
which can bind cytotoxic cationic proteins (Venge ¢t al, 1989), and immunosuppressive
interleukins such as [L-10 which can supress cellular activation (Fiorentino et al, 1991) and
cvtokine production by cells associated with allergic intlammation (Takanashi ¢t a], 1994;
de Vries etal, 1995). The presence of inflammatory cells, therefore. may also represent an

important source ot anti-inflammatory mediators.

The allergen-induced changes in airway physiology are retlected by measurements
in induced sputum. As compared to BAL. sputum cells mostly originate trom the small
central airways which respond to allergen, rather than the alveolar compartment which is
more peripheral. In this respect. sputum cells are perhaps more relevant to allergen-induced

airway intflammation than BAL.

We measured FEV |, methacholine PC,,, and airway inflammation for 7 days
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tollowing allergen inhalation challenge to examine the kinetics and the relationship between
these airway responses (Chapter 2). The maximal numbers ot activated (EG2-positive)
cosinophils. metachromatic cells, and eosinophils immunopositive for eotaxin and RANTES
and 1L-5 occured at 7 hours tollowing allergen challenge, during the late response,
demonstrating synchronization of airway responses. airway cosinophil responses, and levels
of ¢ytokines known to contribute to cosinophilic inflammation. In addition, the airway
responses (FEV, and methacholine PC.)) were shifted trom bascline tor up to 7 days. as were
the airway inflammatory cells. Therefore, in this investigation of the eftects of allergen
inhalation on airway physiology and airway inflammation. we have demonstrated that
measurements of increased sputum intflammatory cells and increased immunostaining for
pro-intflammatory cytokines coincide with the allergen-induced airway physiological
responses.

We have also demonstrated that bronchoprotection by asthma therapies is retlected
by sputum intflammatory cells. When the allergen-induced late airway response was
attenuated following regular treatment with inhaled budesonide or inhalation of PGE,, the
allergen-induced increase in eosinophils and metachromatic cells in the sputum were also
suppressed (Chapters 3 and 3). Conversely, when the allergen-induced late airway response
was enhanced tollowing regular treatment with inhaled albuterol, the allergen-induced
increase in sputum cosinophils was also enhanced (Chapter 4). Therefore, despite the

limitations of using induced sputum. including the lag time of cells appearing in the sputum,
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phagocytosis and apoptosis of cells. and poor reproducibility of total cell counts,
comparisons of sputum inflammatory cells from the same subjects in a randomized cross-
over study have been shown to be sensttive enough to measure pro- and anti-inflammatory
properties ot asthma therapies tollowing allergen challenge.

Although the allergen challenges in these studies produced a similar fall in FEV,
among all subjects. the allergen-induced airway inflammatory cell responses of individual
subjects varied considerably, as demonstrated in Chapter 2, Figures 4 and 6. As a result.
there was no significant relationship between allergen-induced late airway response and
allergen-induced airway eosinophils.  We were unable to demonstrate a significant
correlation between the allergen-induced late maximal tall in FEV, and sputum cosinophils
with sample sizes ot 8 or less (Chapters 3-5); however. there was a weak negative correlation
between the late airway response and the percent sputum eosinophils when the sample size
was increased to n=16. We did not observe a signiticant correlation between airway
physiology and airway intflammation when the cells were expressed as absolute numbers per
ml sputum. most likely because of the large between-subject variability in the total cell
count. That we did observe significant changes in sputum eosinophils which coincided with
changes in late airway responses in the randomized cross-over studies, suggests that these
variables are in fact related. and lack ot a signiticant correlation between measurements of
airway inflammation and airway physiology most likely represents a power problem.

There are several mechanisms that have been proposed to explain the contribution
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of the eosinophil to changes in airway function, such as eosinophil-mediated damage to the
epithelium and consequent exposure of nerve endings to bronchoconstrictor agents (Jetfrey
etal, 1992: Beasley et al, 1989). Eosinophils may directly contribute to the allergen-induced
late airway response by releasing mediators, such as cystemnyl [eukotrnienes. which can cause
smooth muscle contraction, mucus secretion and vasodilation (Aalbers et al, 1993 Weller
etal, 1983). However, it may not be appropriate to attribute a physiological phenomenon
such as allergen-induced late airway response. to a single inflammatory cell type. It is most
likely that several inflammatory cell types. including mast cells, contribute to the measured
changes in airway physiology following allergen challenge (Kaliner ¢t al, 1989).
Staustics

The clinical investigations contained in this thesis were designed as placebo-
controlled. randomized cross-over studies, in which each subject represented their own
control. Repeated sputum samples were obtained tfrom cach subject during each arm ot the
study (placebo or active agent). allowing the use of repeated measures ANOV A for statistical
analysis of the data. Repeated measures ANOVA is a powertul statistical tool in a
randomized cross-over study design, as the error term is based only on the variability within
subjects. As observed in Chapter 2, when applied to measurements of eosinophils in sputum,
repeated measures ANOV A allows tor practical sample sizes to demonstrate attenuation in
the number of sputum eosinophils. Theretore, repeated sampling of airway inflammatory

cells not only provides a means of examining the kinetics of the response to allergen, but also
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allows for utilization ot a statistical analysis vielding a very sensitive measure of variance.

Future Directions

We have demonstrated that measurements of cosinophiis and metachromatic ceils
trom induced sputum reflect the etfects ot allergen inhalation challenge as well as therapeutic
modulation of the allergen-induced airway responses.  With a growing interest in the
development of a non-invasive method of assessing airway inflammation and the anti-
inflammatory etfects of asthma therapies, the model ot high dose allergen provocation with
measurements of airway inflammation from induced sputum tested in this thesis, is now
being utilized in other laboratories (Fahy ¢t al, 1997; Wong ¢t al, 1992). Our own laboratory
has recently demonstrated that repeated low dose allergen challenge results in increased
sputum cosinophils. metachromatic cells. and levels ot [L-5 (Sulakvelidze ¢t al, 1998). It
will be important to determine it pharmacological modulation ot airway inflammation is
measurable following this low dose allergen challenge, which represents exposure to allergen
which 1s physiologically more similar to that ot atopic asthmatics during seasonal allergen
exposure.

Measurements of cell mediators provide additional information regarding the
inflammatory status of the airway. We have developed immunccytochemicai staining for
many of the pro-inflammatory cytokines, including eotaxin, IL-5 and RANTES (Chapter 2),

as well as GM-CSF and IL-8 (Gauvreau ¢t al, 1997). Immunocytochemistry is a sensitive
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method to demonstrate the presence of a mediator of interest, however, it can not be used to
demonstrate which cells are synthesizing the mediator. To be certain where mediators are
synthesized. one must demonstrate the presence of the specitic mRNA in situ. Techniques

such as 10 sity hybridizaton or 1psitu PCR can be used to contirm protein expression by

specitic cell types. We have been able to apply in situ PCR to ditterentiating cosinophils
grown trom peripheral blood. demonstrating these methods are possible to develop, and they
provide essential information regurding protein synthesis (Appendix 1). Development of
these techniques for use in sputum are not yet established. and the methods for sputum
processing and fixation would need to be altered to enable detection of mRNA.

The studies in this thesis have investigated the pharmacological modulation of
allergen-induced airway responses by examination of intflammatory cells in induced sputum.
The inflammatory cells appearing in induced sputum are the granulocytes, as tissue-
associated cells such as lymphocytes are present in very low numbers in sputum. The
airway, however, is unquestionably the most appropriate site to measure the effects of
inhaled allergen and protection by inhaled asthma therapies, as the allergen inhalation model
induces a local challenge to the airway. This is not the only compartment. however, which
responds to allergen challenge and asthma therapies. We and others have demonstrated
circulating eosinophils and their progenitors increase following allergen challenge (Dahl et
al, 1978; Gibson ¢t al, 1991: Appendix 1). and this increase is accompanied by enhanced

expression of GM-CSF by the colony cells themselves. We propose that this mobilization
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and proliferation of eosinophils may be a necessary component for the development of
allergen-induced airway cosinophilia.  Furthermore. circulating eosinophils and
cosinophil/basophil colony-tforming units respond to steroid treatment (Butterfield et al.
19%6: Gibson gt al, 1990). [his model ot allergen-induced eosinophil progenitors may be
promising as another objective measure to study the eftects of allergen inhalation and
mechanisms by which asthma therapy may be ettective.

Atatime when many new therapies are being evaluated, re-evaluated. and developed
tor the treatment of asthma. it is important to have a model that is sensitive and reliable, but
also a model with which one can rapidly and thoroughly investigate the effects of asthma
therapies.  Sputum induction is well tolerated by asthmatic subjects, can be pertormed
repeatedly, and provides a non-invasive technique to measure airway inflammation.
Measurements ot sputum, together with allergen inhalation challenge using a placebo-
controlled cross-over study design should provide valuable intormation on the eftects of
asthma drugs. With the development of new molecular techniques tor use with sputum cells,
including in situ hybridization and PCR. these allergen challenge studies may begin to

investigate the mechanisms of therapies for the treatment of asthma.
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Enhanced Expression of GM-CSF in Differentiating Eosinophils of
Atopic and Atopic Asthmatic Subjects

Gail M. Gauvreau, Paul M. O’Byrne, Redwan Moqgbel, Juan Velazquez, Rick M. Watson,
Karen J. Howie, and Judah A. Denburg

Asthma Research Group, Department of Medicine, McMaster University, Hamulton, Ontano: and Pulmonary
Research Group, Department of Mediaune, Cnivensity of Aiberta, Edmonton, Aibenta, Canada

Higher numbers of eosinophil/basophil colony-forming units (Eo/B CFU) are observed 1n blood of atopie
individuals, and can be enhanced in atopic asthmatics by allergen-inhalation challenge. It 1s known that
mature basophils and cosinophils synthesize cytokines relevant to allergic inflammation. To investigate
the potential role of growth factors in allergic disease we examined the expression of the hemopoietic cy-
tokines, granulocyte-macrophage colony-sumulating factor (GM-CSF) and nterleukun (IL)-S. 1n differen-
uaung Eo/B colony cells from normal and atopic individuals, and from atopic asthmatics before and after
allergen-inhalation challenge. Peripheral blood was collected from two normal and 12 atopic individuals,
and aiso from 25 atopic asthmatics before and 24 h after allergen challenge. Nonadherent mononuclear
cells were isolated and grown in semisolid growth medium. Eo/B colonies were selected and cytospins
were prepared for immunocytochemical analysis of colony cells. Eo/B colonies, especially carbol chromo-
trope IR + cells, selected at Days 10, 14, and 18 from atopic donors contained messenger RNA for GM-
CSF by combined in situ reverse transcnption-polymerase chain reaction and cytochemistry, and demon-
straied time-dependent expression of GM-CSF by immunocytochenustry (P = 0.007). Atopic individuals
demonstrated a hugher percentage of cells expressing GM-CSF than did normal subjects under all growth
conditions when exarmined at Day 14 (P = 0.04). Atopic asthmatics challenged with inhajed aliergen who
demonstrated a dual airway response, an increase in the number of blood eosinophils P = 0.0001), and an
increase in the number of Eo/B CFU (P = 0.02) also demonstrated a significant increase in the percentage
of colony cells expressing immunostainable GM-CSF (P = 0.0009), but only a variable effect on those ex-
pressing IL-5, 24 h after allergen. These results suggest that GM-CSF expression by differentiating En/Bs
may provide an additional stmulus n vivo to enhance Eo/B progenitor differentiauon 1n atopic and asth-
matic individuals, especially after allergen challenge. The concept of microenvironmental differentation.
where blood progenitor cells may aid in their own differentation. Is supported by these ex vivo findings.
Gauvreau, G. M., P. M. O'Byrne, R. Mogbel, J. Velazquez, R. M. Watson, K. J. Howie, and J. A.
Denburg. 1998. Enhanced expression of GM-CSF in differentiating eosinophils of atopic and atopic
asthmatic subjects. Am. J. Respir. Cell Mol. Biol. 19:55-62.

Eosinophils are mature inflammatory cells present in in- forming unit (Eo/B CFU), which circulates in increased

creased numbers in tissue and blood in a variety of allergic
conditions (1). Eosinophils and basophils arise from a cor-
mon progenitor cell (2), the eosinophil/basophil colony-
(Recesved in original form December 10, 1996 and in revised form Decem-
ber 29, [997)
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levels in atopic individuals depending on symptomatology
(3). Fluctuations in the levels of Eo/B CFU occur on natu-
ral allergen exposure (4) and during asthma exacerbation
(5.0).

Growth factors that promote Eo/B CFU proliferation
and differentiation include granulocyte-macrophage col-
ony-stmulating factor (GM-CSF), interleukin (IL)-3, and
IL-5 (7). Mature eosinophils contain messenger RNA
(mRNA) transcripts for GM-CSF, IL-3, and IL-5 (8-10),
and eosinophils in bronchoalveolar lavage from asthmatics
express GM-CSF and IL-5 mRNA before and after aller-
gen challenge (11). While expression of these cytokines by
cosinophiis may play a role in acute and chronic inflamma-
tory responses, it could also provide an autocrine source
of growth factors for differentiating eosinophils. Indeed.
the microenvironment of nasal polyp tissue, which includes
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abundant eosinophils capable of expressing GM-CSF (12)
and IL-5 (13), as well as other cytokines (14), has been
shown to promote differentiation of Eo/B CFU (15). How-
ever, it is not known whether autocrine, eosinophil-initi-
ated hemopoietic effects can occur either in vitro or in
vivo Previous experiments from our laboratory have dem-
onstrated an increased number of Eo/B CFU in atopic ver-
sus nonatopic individuals (3), and an increased number of
arculating Eo/B CFU 1n atopic asthmatics atter allergen
challenge versus before challenge (6). We hypothesized
that, in addition to tissue-derived cytokines from fibro-
blasts and other structural cells (16), circulating Eo/B pro-
genitors may be promoted to differentiate by cytokines
derived from developing eosinophils themselves. In the
current study, we have examined the expression of the
eosinophilopoietins IL-5 and GM-CSF by differentiating
eosinophils in semisolid cultures in vitro. We also com-
pared the expression of cytokines by differentiating eosin-
ophils in nonatopics and atopics, and in atopic asthmatics
both before and after allergen challenge.

Materials and Methods

Studies were approved by the Ethics Commuttee of Mc-
Master University Health Sciences Center. An initial set
of experiments compared the expression of GM-CSF in
penpheral blood Eo/B colony cells of atopic and normal
individuals (Study 1), while a second set of experiments
examined expression of GM-CSF and its message in a
time-course study (Study 2). Finally, we compared the ex-
pression of GM-CSF and IL.-5 in Eo/B colony cells before
and after allergen inhalation in atopic asthmatics (Study

3). All subjects gave informed consent to participate in the
studies.

Subjects

Studies | and 2. A total of 12 unchallenged atopic and
two nonatopic subjects were studied. Atopy was con-
firmed with a positive skin test for one of 21 common al-
lergens. Atopic subjects were studied out of season and
thus not exposed to sensitizing allergens for at least 4 wk,
since colony formation is depressed during prolonged al-
lergen exposure (4). Subjects demonstrating a negative
skin test served as nonatopic controls. Five of the atopics
were used to examine time-dependent expression of GM-
CSF and GM-CSF mRNA, and seven of the atopics were
compared with normal subjects for expression of GM-CSF
in Eo/B colony cells.

Study 3. Twenty-five nonsmoking subjects with mild
atopic asthma (13 female/12 male) were selected for the
allergen-inhalation experiments because of a previously
documented allergen-induced early and late bronchocon-
strictor response of at least 15% reduction in the forced
expiratory volume in | s (FEV,). Subjects were not ex-
posed 1o sensitizing allergens and did not have asthma ex-
acerbations or respiratory tract infections for at least 4 wk
prior to entering the study. All subjects had stabie asthma
with FEV, greater than 70% of predicted normal on all
study days before allergen inhalation, and used no regular
medication other than infrequent (< twice weekly) inhaled
B,-agonist as required to treat their symptoms. All medica-
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tions were withheld for at least 8 h before each visit, and
subjects were instructed to refrain from rigorous exercise,
tea, or coffee in the moming before visits to the laboratory.

Study Design

Each normal and each atopic subject attended the labora-
tory once. A skin test was performed and blood was ob-
tained by direct venipuncture for assay of Eo/B CFU.

Each atopic asthmatic attended the iaboratory on three
occasions. Baseline measurements of FEV,, the provoca-
tive concentration of ricihacholine causing a 20% fall in
FEV, (methacholine PCy), blood differentials, and CFU
were determined the morning before allergen challenge.
Allergen challenges were carried out the following morn-
ing, and FEV, was measured during the following 7 h.
Measurements of FEV,, methacholine PCy, and blood
were repeated 24 h after allergen challenge.

Laboratory Procedures

Methacholine-inhalauon test. Methacholine-inhalation
challenge was performed as described by Cockeroft (17).
Subjects inhaled normal saline, then doubling concentra-
tions of methacholine phosphate from a Wright nebulizer
for 2 min. FEV, was measured at 30, 90, 180, and 300 s af-
ter each inhalation. Spirometry was measured with a Col-
lins water-sealed spirometer and kymograph. The test was
terminated when a {ail in FEV, of 20% of the baseline
value occurred, and the methacholine PCy, was calculated.

Allergen-inhalation test. Allergen challenge was per-
formed as described by O'Byrne and colleagues (18). The
allergen producing the largest skin-wheal diameter was di-
luted in normal saline. The concentration of allergen ex-
tract for inhalation was determined from a formula de-
scribed by Cockeroft and associates (19) using the results
from the skin test and the methacholine PCy. The starting
concentration of allergen extract for inhalation was two
doubling concentrations below that predicted to cause a
20% fall in FEV,. The same doses of allergen were adnun-
istered during each treatment period, and the FEV, was
measured at 10, 20, 30, 40, S0, 60, 90, and 120 min after al-
lergen inhalation, then each hour until 7 h after allergen
inhalation. The early bronchoconstrictor response was
taken to be the largest fall in FEV| within 2 h after aller-
gen inhalation, and the late response was taken to be the
largest fall in FEV, between 3 and 7 h after allergen inha-
lation.

Differenual blood counts. Blood was collected into he-
parinized tubes by direct venipuncture, and blood smears
were made for differential staining (Diff Quik; American
Scientific Products. McGaw Park, IL). Differential cell
counts were obtained from the mean of two slides with
300 cells counted per slide. Total leukocyte count was de-
termined using a hemocvtometer (Neubauer Chamber:
Hausser Scientific, Blue Bell, PA), and cell populations
were expressed as the number per milliliter of blood by di-
viding by the total number of cells counted and multiply-
ing by the total leukocyte count.

Methyicellulose assay. Methylcellulose assays for CFU
were performed as previously described (4). Mononuclear
cells were separated from whole peripheral blood using
Percoll density-gradient (Pharmacia, Uppsala, Sweden),
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then adherent cells were removed by a 2-h incubation at
37°C in plastic Nasks. Nonadherent mononuclear cells
(NAMC) were cultured 1in 0.9% methylcellulose (Sigma
Chemucal Co.. St. Louts, MO) at 1 x 10° per 35 < 1) mm
ussue culture dish (Falcon Plastics, Oxnard, CA) wn Is-
cove's modified Dulbecco's medium and 20% fetal calf se-
rum (GIBCO, Burlington, ON, Canada} supplemented
with 1% penerllin-streptomyen and § < 107 molMiter ol
J.mercaptoethanol.

To compare Eo/B colony ceils from atopic and normal
subjects, cells were grown i vitro under cach of three dif-
ferent sumulatory conditions: 100 U/ml rhGM-CSF (Pharm-
ngen, Markham, ON, Canada), 10 ng/m! rhIL-5 (Pharmin-
gen), or 10 ng/ml rhIL-3 (Genzyme, San Diego, CA); and
Eo/B colonies were enumerated. Ten to 20 Eo/B colonses
were randomly picked after 14 d of culture from plates
sumulated with each cytokine. To exanune the time de-
pendency of GM-CSF expression, cells were grown i viro
in 10 ng/ml rhlL-3 and picked as above after 10, 14, and
18 d of culture. To evaluate the effect of allergen inhala-
non by atopic asthmatics, cells were grown n vitro in the
presence of either 100 U/ml thGM-CSF, or 0.5 ng/ml stem
cell factor (SCF) (Amgen, Thousand Oaks, CA) plus 10 ng/
mirhil-3. Day 14 Eo/B-type granulocyte colontes from et-
ther GM-CSF- or SCF plus IL-3-sumulated cells were enu-
merated in two repheate methvicellulose plates under n-
verted microscopy. The Eo/B colomies picked for eytokine
and mRNA expression were identified by morphology, be-
ing tight, granulated, compact, round refractile cell aggre-
gations (2. 3).

Immunocytochemical stating  Cells collected from all
condiions were washed in 0.5 ml Dulbecco’s phosphate
buffered saline (DPBS; GIBCO) and resuspended in DPBS
at 0.75-1 0 x 10%ml, and cytospins were prepared on ap-
tex-coated glass slides using 50 sl of cell suspension and 4
Shandon [ eytocentnfuge at 300 epm for S min (Shandon
Southern Instruments, Sewickly, PA), fixed for 10 min in
periodate -lysine-paraformaldehyde, then 10 min in 15%
sucrose; stides were stored at —70°C. Cells were stained with
mouse monoclonal anti-human GM-CSF antibody (Gen-
zyme, Cambndge, MA) (atopic versus normal subjects) or
mouse monoclonal anti-human IL-S antubody (R&D Sys-
tems, Minneapolis, MN) (allergen nhalation). Antibodies
were diluted in 1.0% bovine serum albumin (Sigma) and
wash buffer made up of DPRBS, 001 M N-2-hydroxyeth-
vipiperazine-N’ -ethane sulfonic acid buffer and 0.01% sapo-
nin (Sigma). Labeling of these antibodies was detected by
the alkaline-phosphatase antialkaline-phosphatase method
(20). Shides were incubated for 60 min with 75% human
AB serum (Sigma) and for 30 min with 25% normal rabbut
serum (Sigma) to block nonspecific binding of the first and
second antibodies, respectively. Slides were incubated
overmght at a concentration of 10 pg/ml anti-GM-CSF and
W pg/mi anti-11.-5. Mouse 1gG, (Sigma) was used as a
negative control. A positive coatrol for GM-CSF immu-
nostaming consisted of penpheral blood monocytes stimu-
lated with lipupolysacchande: for IL-S, peripheral blood
cusinophils stimulated with calcium onophore. The per-
centage of cells immunolocalizing GM-CSF and IL-5 was
determined from a count of 400 cells under light micro-
scopy. based on a scale from 0 to 5. All cells demonstrating
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an antensity of stain > 1 were counted as positive, and
those < | were counted as negative.

In situ reverse transcripion-polvmerase chain reaction
Cells were picked from colonies and washed once with di-
cthyl pyrocarbonate-treated saline, then resuspended at a
concentration of 1.2 x 1(0%ml. Droplets of this cell suspen-
sion (20 wl) were placed at three sites on wt situ poly-
merase chain reaction (PCR) glass shdes coated with an
aminoalkylsilane (Perkin Elmer, Mississauga, ON, Can-
ada), then fixed for 20 min 1n 4% PBS paraformaldehyde
and stored at - 20°C. Two representative shides were ran-
domly chosen from each of the three ume points. These
cells were permeabilized with 2 pg/mi proteinase K diges-
tion (Sigma) and treated overnight with DNase (Boeh-
ringer Mannheim. Laval, PQ, Canada) at 37°C o digest
nuclear material. Reverse transcription (RT) by incuba-
tion with the 3’ downstream primer and reverse transcriptase
(Supersenpt™ RNase H . GIBCO) for 3 h at 37°C con-
verted the mRNA to complementary DNA_ and this prod-
uct underwent 35 cycles of PCR (GeneAmp 1K) System.
Perkin Elmer) using the optimal annealing temperature for
human GM-CSF of 60°C, in buffer including the S° up
stream (ATG TGG CTG CAG AGCCTG CTG Cyand ¥
downstream (CTG GCT CCC AGC AGT CAA AGG G)
primers for human GM-CSF (Applied Biosystems, Um-
versity of Alberta. Edmonton, AB. Canada), and 115 U/ml
TAQ polymerase enzyme (GIBCO) and digoxigenin-11
deoxyundine trniphosphate (dUTP) (Boehninger Mannheim)
Shides were incubated with anu-digoxigenin (Bochnnger
Mannheim) and color-developed with a solution of 4-mtro
blue tetrazolum chlonde (Bochringer Mannheim) and
X-phosphate/S-bromo-t-chloro-3-indolyi-phosphate (Boch-
nnger Mannheim) Shdes were counterstamed 10 mun n
1% carbol chromotrope 2R (Sigma), which s speaific for
cosinophils. The slides were enumerated by examining S0
cells per shide with conventional light microscopy. Positive
and negative controls were processed in parallel with the
test site, on the remaining two sites on the shde. The posi-
tive control was not treated with DNAse or reverse tran-
scriptase, and the negative control was not treated with re-
verse transcnptase. To elimmate the possibility of false
positivity due to lugh background on the test site, one shde
was treated with an RNase solution (Amersham Life Sar-
ence, Cleveland, OH); another was treated with an irrele-
vant primer sequence. Both tests showed a high back-
ground that remained high even when mRNA was not

amplified. Human B2 microglobulin was used as a system
control.

Statistical Analysis

All summary staustics are expressed as mean and SEM.
except for methacholine PCy, which 1s expressed as geo-
metnic mean and geometnic standard error of the mean
(GSEM). Methacholine PCy, was measured by hnear an-
terpolation of log dose-response curves resulting in loga-
nthmc values for PCy, which were then subjected 1o sta-
ustical analysis. Student’s paired ¢ test was used to compare
the allergen-induced changes in Eo/B CFU. blood eosino-
phils, percentage of Eo/B cells immunalocalizing GM-CSF
and IL-5, and methacholine airway responsiveness. Re-
peated-measures analysis of vanance was used to compare
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Figure /. Immunorcactivity for GM-CSF (A, ) and IL-5 (C) with 1sotype control (D) in Eo/B colony cells. Bar = § 5 um (A, C. D), bur =

28 um(8).

atopie and normal GM-CSF expression in colony cells grown
under three different conditions, and to examune immuno-
reactive GM-CSF in Eu/B colony cells over ume.

Results

GM-CSF Expression in Colony Cells
Increases Temporally

Euw/B colony cells from atopic subjects grown with thSCF
plus rhiL-3 demonstrated immunoreactivity to anti-GM-
CSF and anu-1L-5 (Figures 1A and 1C). Although only
cells staiming homogencously with intensity > | were
counted as positive, many of the cells demonstrated a faint
positive signal localized next to the nucleus (Figure 1B).
The percentage of Eo/B colony cells with immunoreactive
GM-CSF after 14 and 18 d of culture was significantly
tugher than cells grown for 10 d (£ -2 0.007), being 8.1 =
2%, 2113 = 4.6%, and 180 = 4.0% after 10, 14, and 18 d,
respectively. [n addition, these cells were demonstrated by
i situ RT-PCR to contain mRNA for GM-CSF at these
umes, being 2.7 = 0.4%, 3.5 £ 0.2%, and 55 = 0.8% after
10. 14, and 18 d, respectively (Figure 2).

Expression of GM-CSF in Colony Cells Is Greater

in Atopic versus Normal Individuals

The number of Eo/B CFU grown with thGM-CSF 1n atop-
ics was 305 = 21.5 per 10° NAMC versus 25.5 = 11.5 per

10° NAMC i normal individuals. When the percentage of
GM.-CSF-immunoreacuve Eo/B colony cells grown under
three different condiuons was compared, they were sigmif-
icantly increased in atopic subjects versus normal controls:
under conditions of stmulation with thGM-CSF, 53 4 «
14.9% versus 145 = 14%; rhiL-3, 73.2 = 10.4% versus
24.0 = 7.5%: and rhIL-5.56.0 = 11.3% versus 6.0 = | 2%,
respectively (P = 0.04) (Figure 3). There was no signifi-
cant difference in the percentage of GM-CSF-positive col-
my cells between the three growth conditions (P = 0.26)
Cultures from two atopic subjects were excluded from
analysis because of technical problems with the assay

Allergen Inhalation

Twenty-(ive subjects completed the allergen-inhalation chal-
lenge and developed a dual airway response. The maximal
percentage fall in FEV, during the carly response was 32.4 «
2.5% and during the late response was a 22.3 = 2.7% max-
unal fall from pre-allergen baseline FEV, (Figure 4). The
subjects also developed allergen-induced airway hyperre-
sponsiveness 24 h following allergen inhalation, with a sig-
nificant reduction in the methacholine PCy, from 1.60 mg/
ml (1.31 GSEM) to 0.62 mg/mi (1.34 GSEM) (P < 0.001).
The number of penpheral blood eosinophils increased
significantly 24 h after allergen inhalation, from pre-aller-
gen values of 38.0 = 3.8 X 10%ml 10 5§7.3 = 5.6 x 10*ml
(P = 0.005) (Figure 5). Individual allergen-induced changes



Gauveeau, O'Byvrne, Mogbel eral - GM CSE Expression in Ditferentiating Eosmoplhuls

figure 2. GM-CSF mRNA expression in Eo/B coluny cells. Posi-

tive control (A), negative control (B). and test positive (M) for
GM-CSFmRNA Bar = 28 um

n blood cosinophils ranged from a decrease of 28.5% to
an increase of 614.0% from pre-allergen baseline, with a
mean increase of 50.8%. The number of i viro EoiB CFU
responsive to GM-CSE sumulatton was also significantly
clevated 24 b after allergen mhalation, from 10.2 = 1.5 per
1P NAMC to 139 = 1.8 per 10" NAMC (£ = 002) (Fig-
ure 5). [ndividual changes 1 blood Eo/B CFU ranged from
4 98.3% decrease to anincrease of 433 3%, with an average
ncrease of 36.3%. There was, however, no correfation be-
tween the individual changes in blood cosinophils and the
individual changes in blood Eo/B CFU (r = 0.07, P = 0.76).

100
.
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Colony lets 20 . .
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1
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. .
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.
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Figure 1 Immunoreactive GM CSEF an EoB colony cells trom
atopics and notmal individuals A comparison of the percentage
of GM.-CSF-positive Eo/B colony cells after 14 d culture, stunu

lated with GM-CSF L3, and IL. % m atopics versus normal con
trols (£ = 0.44)

Colony cells grown mn viro under conditions ot SCF
and IL-3 sumulation contmned immunoreactive GM-CSF
and [L.5. The percent of colony cells expressing GM-CSE
increased significantly from baschne values of 154+ 1 3%
before atlergen to 299 « 29% at 24 hoafter allergen inha-
lation (7 < 0.001) There was a trend for IL-S expression
by colony cells to increase after allergen from 39 « ) 8%,
to ST = 0.8%, however, tns wis not statistically sipmit-
cant (P = 0 12) (Fyure 6)

Discussion

Eosinophils and their progenitors are present at elevated
levels in atopic individuals, and can be further imduced n
atopic asthmates by allergen-inhalation challenge. How-
ever, very hittle s understood about the mechamisms un-
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Figure 4 Allergen-induced airway responses. Percent change in
FEV, (mecan and SEM) in 25 atopic asthmatics after inhalation of

ditluent {(open circles), and after ithalation of allergen (closed car-
cles)
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e S Penipheral blood cosinuphins and EuB CFU betore
and atter allergen-inhalation challenge. Circulating cosinophils
Ueft punet) and Eo/B CFU (right panel) before allergen (open
bars) and 24 h alter allergen (solid bars) There was a sigmificant
increase i the number of cosinophuls (P = 00001) and Eo/B
CFU (£ = 0.02) after allergen inhalation.

derlying this eosinophilia. There 1s evidence supporting
the role of the ussue microenvironment in the accumula-
uon of inflammatory cells at the site of inflammauon (15).
Thus s likely 10 be one mechanism contnibuting to eleva-
tion of eosinophils and their progenitors in the circulation
of atopic individuals. This study examined the role of the
constitutive expression of growth factors in differentiating
eosinophils, which may represent a separate, autocrine
mechamsm enhancing the process of eosinophil differenti-
ation shown to be upregulated in atopic individuals.

We have demonstrated by combined in s RT-PCR
and cytochemustry (particularty, carbol chromotrope 2R +
cells, .., cosinophilic) that Eo/B colony cells grown in cul-
ture express mRNA for GM-CSF. Carbol chromotrope is
known to stain the granules of eosinophuls that are cationic
1n nature (1). We have also demonstrated by immunocy-
tochemustry that a significantly higher percentage of ma-
tuning, but not yet fully mature, progeny of cosinophil pro-
genitors (Eo/B CFU) from the blood of atopic individuals
express GM-CSF, when compared with controls. For tech-
nical reasons, the baseline colony growth and expression
of GM-CSF in Eo/B colony cells was higher 1n these ex-
peruments (Study 1) than 1n the subsequent expeniments
(Studies 2 and 3). The latter demonstrated increased ex-
pression of GM-CSF in cells that have undergone further
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Figure 6. Immunoreacuvity for GM-CSF and IL-5 11 Eo/B col-
ony cells before and after allergen-inhalation chailenge. The per-
centage of GM-CSF-positive (left panel) and IL-S-positive (right
panel) Eo/B colony cells before and 24 h after allergen. There
was 2 significant increase in the percentage of Eo/B colony cells
expressing GM-CSF (P = 0.0009). but not IL.-S(P = 0.12).

differentiation and a higher percentage of GM-CSF-posi-
uve colony cells 24 h after allergen inhalation in atopic
asthmatics when compared with cells grown in culture be-
fore the allergen challenge. The higher GM-CSF expres-
sion observed in atopics and allergen-challenged asthmat-
ics suggests that the atopic state per se, and/or allergen
provocation. can directly or indirectly induce changes in
Eo/B CFU or other nonadherent mononuclear cells, which
confer an upregulated Sytohine profile upon BB CFU
progeny n vivo. One implication of this activation state 1s
that it may imtiate another autocrine mechanism of Eo/B
differentiation, further increasing the number of progeni-
tors commutted to this lineage. Similarly, atopy and/or al-
lergen provocation may provide a “pnming” effect for these
cells such that they mature more quickly and develop the
cytokine profile of a more mature cell earlier than non-
atopic/unchallenged individuals.

Immunocytochemistry is a sensitive method to demon-
strate the presence of intracellular protein, but it does not
distinguish between protein that has been synthesized by
the cell and extracellular protein that may be receptor-
bound or bound to the interior of the cell. It is possible
that GM-CSF may have been detected because of the
binding of excgenous cytokine to receptors on maturing
colony cells. We did, however, find differences in colony-
cell immunostaining for GM-CSF even when other cyto-
kines (SCF and IL-3) were used to simulate the culture
This suggested that exogenous cytokine does not account
for the immunostaining, However, in these cultures, which
also contained GM colonies, it was possible that non-Eo/B
cells generated GM-CSF, which then bound to GM-CSF
receptors on the Eo/B colony cells. The staining pattern of
GM-CSF and IL-5 expression, however, was typical of that
observed for intracellular protein, being homogeneous
throughout the cell rather than in a halo distribution typi-
cal of cells that have protein bound on their surface. In ad-
diton, gene transcription of GM-CSF by Eo/B colony cells
was demonstrated with the presence of specific mRNA. con-
firming that these cells were capable of synthesizing this cy-
tokine. Furthermore, the localized immunoreactivity adja-
cent to the nucleus may support the view that synthesis
and storage of GM-CSF can be assaciated with intracellu-
lar organelles of the cell.

Mature eosinophils have the ability to synthesize IL-S
(8), IL-3 (9), and GM-CSF (10). This study demonstrates
that immature and nascent eosinophils synthesize at least
one of these growth factors. Increased constitutive expres-
sion of cytokines in maturing Eo/B CFU from atopic indi-
viduals may represent an autocrine mschanism for en-
hanced proliferation, differentiation, and activation of
cosinophils in allergic responses. In support of this, there
is also evidence for GM-CSF as an autocrine differentiat-
ing factor in an eosinophilic leukemia cell line, EoL-1 cells
(21). GM-CSF is not only an important growth (actor for
cosinophils, but it also plays a role in cell viability by pro-
longing eosinophii survival in vitro (22). IL-S is involved in
terminal differentiation, stimulates function, and prolongs
survival of the eosinophil (23, 24), whereas [1.-3 prolongs
survival and enhances functional properties of the easino-
phil (25). IL-5 and GM-CSF are upregulated in diseases
associated with blood and ussue cosinophilia (26), sup-
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porung the hypothesis that cytokine inhiition or delay of
apoptosis could he a mechanism for the development of
blood and ussue eosinophihia in diseases such as asthma
(27. 28). Tyrosine phosphorylation of cytokine receptors
regulates the activation and inhibition of apoptosis in hu-
man cosinophils (29). Activation of IL-S and GM-CSF re-
ceptors by common tyrosine kinases through the recep-
tor subumit may be essennial for anti-apoptotic effects of
oS and OMCST (30). In our expenments, we did not
compare expression of IL-5 in colony cells between atopic
and normal individuals, but expression of IL-$ in eosino-
phit colony cells of atopic asthmaties was increased in
some individuals after allergen challenge. The level of ex-
pression of IL-5 compared with GM-CSF in the colony
cells from atopic asthmatics was considerably lower. This
mav reflect the relative immaturity of the colony cells,
since IL-5 has shown to be expressed only by a limsted
number of fully differentiated cells (31).

Although immediate progeny (i.e., colony cells) of Eo/B
progemitors denved from atopic individuals constitutively
express higher levels of GM-CSF, the hemopoietic induc-
tive microenvironment (HIM) itself may play a significant
role i the development of cosinophilia during allergic in-
flammatory reactions. There are several mechanisms by
which bone-marrow stroma can provide signals to control
the process of hemopoiesis (32). Signals may be directed
by cell cell interactions, secreted soluble bioactive factors,
and cell-matnx interactions. Atopic individuals may diffev
from nornals in the set of signals provided for progenitors
i the bone marrow Thus, eostnophilic mflammation n
atopic asthmatics may represent the effects of a cascade of
cytokines, including growth and differentiation factors de-
nved from resident inflammatory cells (33), airway struc-
tural ceils such as fibroblasts and endothelial and epithelial
cells (15, 34-37), and an “activated” HIM. Furthermore.
subcutancous injection of GM-CSF has been associated
with increases in the numbers of arculating, colony-form-
ing progenstors in human penipheral blood (3K). This sug-
gests that elevations of arculaung hemaopoietic cytokines
in chromie tissue inflammation can potentially mobilize spe-
aific hemopaietic progenitor cells. Indeed, specific respon-
siveness o cytokines of progenitor cells can be induced in
atopie individuals and allergic asthmatics through a pro-
cess iavolving IL.-S receptor modulation on bone marrow
and blood progenitors (39, 40). We are currently explonng
the mechanism for this. Similarly, allergen challenge in air-
way hyperresponsive dogs elicits serum hemopoietic activ-
1ty thal can upregulate bone-marrow myelod progenitors
(41).

Previous work from this laboratory has demonstrated
the importance of the microenvironment on the develop-
ment of progemitor cells. The current study adds another
dimension to the regulation of progenitor differentiation,
and prohferation, suggesting that in atopic individuals, de-
veloping cosinophils may be altered by signals released af-
ter allergen inhalation to ulumately produce more hemopos-
etic cytokines. These cytokines i “activated™ progenitors of
cosinophils could contribute to the mobilization, differen-
tiation, and activation of both maturing and mature eosin-
ophils. Further expeniments are required to determine
how much of this cvtokine expression by maturing eosino-
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phils 1s secondary to signals from inflamed tissue and how
much it reflects 4 primary (constitutive) upregulation of
programs for cytokine expression in developing esosino-
phils in atopic and normal individuals
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