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Preface

In 1991 we published volume 98 entitled Pharmacology of Asthma in this
prestigious series. Since that time an enormous amount of information has been
generated in the field of “pulmonary pharmacology”, not least the recent recogni-
tion that chronic obstructive pulmonary disease (COPD) is also an important lung
disease requiring considerable research effort and is a disease that has perhaps
been neglected with respect to the effort put into our understanding of asthma
and its treatment. This new information is brought together in the present volume
written by internationally recognised authorities.

The aim of the book is to provide an in-depth review of our current understand-
ing of the pathogenesis of both asthma and COPD. This volume also discusses
the promising new options for pharmacological intervention of these diseases.

It is hoped this book will be invaluable for research scientists and clinicians in-
volved in research and treatment of asthma and COPD. It is also envisaged that it
will be a major reference resource for respiratory physicians and those involved
in the development of novel drugs.

Each chapter is extensively referenced, generously illustrated with clear dia-
grams and photographs, and represents a state-of-the-art review of this important
area of lung biology.

C.P. Page - P.]. Barnes, London
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Abstract ,-Adrenoceptor agonist bronchodilators are widely used in the treat-
ment of both asthma and chronic obstructive pulmonary disease (COPD). They
provide rapid and effective symptom relief principally by opposing the bron-
choconstriction induced by excitatory airway mediators. While asthma is asso-
ciated with episodic increases in baseline airway tone, it is defined as an inflam-
matory disease of the airways, and accordingly, therapy generally involves the
use of anti-inflammatory as well as bronchodilator therapy. When delivered di-
rectly to the lungs by inhalation, f3,-adrenoceptor agonist bronchodilators pro-
vide rapid and effective reversal of acute airway obstruction caused by broncho-
constriction, with minimal acute adverse effects on the patient. Importantly, the
rapidity of relief provided by inhaled f,-adrenoceptor agonists is a significant
feature of this class of drugs and helps to explain why they are used so widely to
reverse the potentially life-threatening effects of bronchoconstriction in asthma.
Short-acting ;-adrenoceptor agonist bronchodilators, such as salbutamol, have
durations of action of 4-6 h and provide rapid symptom relief in a large propor-
tion of asthmatics. Long-acting f3,-adrenoceptor agonists, which include salme-
terol, have durations of action of up to 12 h and provide effective treatment in
asthmatic individuals whose symptoms were not adequately managed with
short-acting agents. Given the complementary roles of ,-adrenoceptor agonists
and glucocorticoids in the treatment of asthma, combination therapy using
these drugs has been shown to improve disease control and lower exacerbation
rates. Accordingly, the consensus is that these f,-adrenoceptor agonist bron-
chodilators should not be used as monotherapy in asthma in any but the most
mild of cases. Indeed, the powerful bronchodilator actions of short- and long-
acting f3,-adrenoceptor agonists may mask the onset and/or deterioration of air-
way inflammation in asthmatics. COPD is characterized by shortness of breath,
cough, sputum production and exercise limitation, with acute exacerbations re-
sulting in worsening of symptoms. While short-acting inhaled B,-adrenoceptor
agonist bronchodilators reduce respiratory symptoms and improve the quality
of life in COPD patients, these drugs fail to alter the progression of this disease
in the long term. In these individuals however, the recent introduction of long-
acting f3,-adrenoceptor agonists has had a positive impact on quality of life. The
combined use of bronchodilator/corticosteroid regimes further assists in the
management of COPD.

Keywords Asthma - Chronic obstructive pulmonary disease - $,-Adrenoceptor
agonists - Delivery devices - Combination therapy

1
Introduction

B.-Adrenoceptor agonist bronchodilators are widely used in the treatment of
both asthma and chronic obstructive pulmonary disease (COPD) where they
can provide rapid and effective symptom relief. The major role of these agents
in these diseases is to oppose airway smooth muscle contraction caused by a va-
riety of excitatory airway mediators.
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1.1
Asthma

In addition to elevated bronchial tone, a major defining characteristic of asthma
is that it is an inflammatory airway disease. The combined effects of these two
elements results in a disease involving reversible airway obstruction which may
cause persistent systems such as dyspnea, chest tightness, wheezing, cough and
sputum production. Variable airflow obstruction and airway hyperresponsive-
ness to both endogenous and exogenous stimuli are also distinguishing features
of asthma. Chronic inflammation of the airways is accompanied by structural
changes to the bronchial wall and these phenomena are collectively referred to
as airway remodelling. These changes to the normal architecture of airway mu-
cosal and submucosal tissues underlie the development and continued mainte-
nance of this disease. The inflammatory response in the airways is characterized
by mucosal and bronchial wall oedema, lymphocyte and eosinophil infiltration,
damage to and loss of airway epithelium, and hypersecretion of mucus that may
cause plugging and occlusion of the airway lumen. Accordingly, asthma therapy
in the modern era has tended to emphasize anti-inflammatory drug approaches
since these are predicted to have a positive impact on processes driving airway
remodelling.

However, it must be remembered that asthma also involves episodic increases
in baseline airway tone resulting from active shortening of airway smooth mus-
cle, causing reduced bronchial airflow and thus impaired lung ventilation. Con-
traction of airway smooth muscle, like airway wall remodelling, oedema and hy-
persecretion of mucus, contributes significantly to bronchial obstruction. As a
result, the use of bronchodilators remains at the forefront of modern approach-
es to asthma therapy. This is despite the continuing research and therapeutic
emphasis on airway inflammation as a driver of asthma progression and main-
tenance.

Ba-Adrenoceptor agonist bronchodilators in particular, delivered directly to
the airways by inhalation, provide rapid and effective reversal of acute airway
obstruction caused by bronchoconstriction, with minimal acute adverse effects
on the patient. Importantly, the rapidity of relief provided by inhaled $,-adreno-
ceptor agonists is a significant feature of this class of drugs and helps to explain
why they are used so widely to reverse the potentially life-threatening effects of
bronchoconstriction in asthma.

1.2
CoPD

COPD is defined as “a disease state characterized by airflow limitation that is
not fully reversible. The airflow limitation is usually both progressive and asso-
ciated with an abnormal inflammatory response of the lungs to noxious parti-
cles or gases” [Global Initiative for Chronic Obstructive Lung Disease (GOLD)
Workshop Report 2001]. COPD is characterized by inflammation throughout
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the respiratory system, including bronchial and bronchiolar airways, parenchy-
ma and pulmonary vasculature. There are increased numbers of macrophages,
T lymphocytes (predominantly CD8*) and neutrophils in the airways (Jeffery
1998; Pesci et al. 1998). These activated inflammatory cells release a variety of
mediators, including leukotriene By (LTB,), interleukin (IL)-8 and tumour ne-
crosis factor (TNF)-o that contribute to widespread degenerative structural
changes to the respiratory tract and promote neutrophilic inflammation
(Keatings et al. 1996; Mueller et al. 1996; Yamamoto et al. 1997; Pesci et al. 1998;
Hill et al. 1999). There is also evidence in COPD for an imbalance in proteases
that digest elastin and other structural proteins and antiproteases that protect
against this damage (Chapman and Shi 2000). Oxidative stress may also con-
tribute to the pathogenesis of this disease. It is likely that cigarette smoke and
other COPD risk factors initiate an inflammatory response in the airways that
can lead to this disease. As in asthma, the airflow obstruction seen in COPD pa-
tients is often accompanied by airway hyperresponsiveness. The chronic airflow
obstruction particularly affects small airways, and lung elasticity is also lost due
to enzymatic destruction of the lung parenchyma, resulting in progressively
worsening emphysema. Thus, COPD is characterized by shortness of breath,
cough, sputum production and exercise limitation, with acute exacerbations re-
sulting in worsening of symptoms. Inhaled bronchodilators, including f3,-adre-
noceptor agonists, have been shown to reduce respiratory symptoms and im-
prove the quality of life for COPD patients and are recommended in the man-
agement of acute exacerbations of this disease. However, in the long term, f,-
adrenoceptor agonists fail to alter the progression of this disease.

Much of what is known of the basic and clinical pharmacology of §,-adreno-
ceptor agonist bronchodilators, such as salbutamol, was established in studies
from the 1970s and 1980s. The actions of ,-adrenoceptor agonists in the lung,
particularly in relation to asthma, have previously been extensively reviewed by
us (Goldie et al. 1991) and it is appropriate to revisit some of the issues raised at
that time. However, significant advances in ;-adrenoceptor agonist develop-
ment and therapy in asthma and COPD have been made in recent years and
these will also be highlighted in this review.

2
The p-Adrenoceptor and Its Associated Signal Transduction Processes

2.1
B-Adrenoceptor Subtypes

The B-adrenoceptor is a single polypeptide glycoprotein moiety (Gilman 1987),
embedded in the plasma membrane of the cell (Stiles et al. 1984). At least three
functionally distinct subtypes (f3;, B, and B5) are known to exist and have been
cloned. B-Adrenoceptors are found throughout the respiratory tract and, in hu-
man bronchial smooth muscle, are entirely of the f,-subtype (Harms 1976;
Goldie et al. 1986b). While $;-adrenoceptors predominate in human cardiac tis-
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Fig. 1 Main pathways promoting airway smooth muscle relaxation associated with the B-adrenocep-
tor-effector system. The dashed lines indicate inhibition of Ca®* entry into the cell via voltage-gated
Ca** channels. The dotted line indicates that the exact mechanism is yet to be defined. (Adapted from
Thirstrup 2000)

sue, a small functional population of ,-adrenoceptors is also present. More re-
cently, B5-adrenoceptors have been found in cardiac muscle, intestinal smooth
muscle as well as in white and brown fat. However, 5-adrenoceptor mRNA has
not been detected in human lung (Mak et al. 1996) and fs-adrenoceptor ago-
nists failed to induce relaxation in human isolated bronchi (Martin et al. 1994).

22
Adenylyl Cyclase

Agonist-binding to all f-adrenoceptors subtypes activates the membrane-bound
enzyme adenylyl cyclase via a guanine nucleotide regulatory protein (Gs) to
convert adenosine 5'-triphosphate (ATP) to cyclic adenosine 3',5'-monophos-
phate (cAMP; Benovic et al. 1985) (Fig. 1). Cyclic AMP is produced continuously
following B-adrenoceptor activation and is inactivated by hydrolysis to 5'-AMP,
through the action of phosphodiesterases. Cyclic AMP acts as an intracellular
messenger to regulate many aspects of cellular function including the contrac-
tion of smooth muscle. Thus, CAMP activates cAMP-dependent protein kinases
to modify cellular function by phosphorylation. For example, relaxation of air-
way smooth muscle results from phosphorylation, and thus inactivation of myo-
sin light chain kinase, which precludes its interaction with the contractile pro-
tein myosin (Thirstrup 2000). In addition, S-adrenoceptor agonists may also de-
crease airway smooth muscle tone via an interaction with plasma membrane po-
tassium channels (Fig. 1). This results in hyperpolarization of the cell mem-
brane and inhibition of calcium influx via voltage-dependent calcium channels.
Rho, a small monomeric G protein of the Ras superfamily of guanosine tri-
phosphate (GTP)ases, has been shown to control airway smooth muscle tone
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following activation of G protein-coupled receptors (Seasholtz et al. 1999; Ama-
no et al. 2000; Schmitz et al. 2000; Somlyo and Somlyo 2000; Pfitzer 2001). Rho
activates Rho-kinase (Kimura et al. 1996) which phosphorylates and thus in-
hibits myosin light chain phosphatase. The latter enzyme acts to de-phosphory-
late myosin light chain and promote smooth muscle relaxation. However, the re-
sult of Rho-kinase activity is blockade of this process and thus maintenance
of smooth muscle tone (Seasholtz et al. 1999; Amano et al. 2000; Somlyo and
Somlyo 2000). While Y27632, an inhibitor of Rho-kinase, has been shown to po-
tentiate the relaxant effects of f-adrenoceptor agonists in airway smooth muscle
(Iizuka et al. 2000; Nakahara et al. 2000), a linkage between Rho-kinase and the
B-adrenoceptor-effector system has yet to be clearly defined.

3
Distribution and Density of B-Adrenoceptors in the Lung

Radioligand binding and autoradiographic studies have been critical to evalua-
tions of the distribution of B-adrenoceptors in both animal and human lung
tissue. Over 20 years ago, Rugg and coworkers (1978) using rabbit and rat
lung membranes and Szentivanyi (1979) using human lung membrane prepara-
tions demonstrated the presence of high densities of B-adrenoceptors (Rugg
et al. 1978; Szentivanyi 1979). Subsequent studies in guinea-pig (Barnes et al.
1980; Engel et al. 1981) and hamster lung (Benovic et al. 1983) confirmed that
the lung was densely populated with S-adrenoceptors. Furthermore, lung paren-
chyma contained heterogeneous populations of both 3;- and f,-adrenoceptors
(Dickinson et al. 1981; Engel et al. 1981; Carswell and Nahorski 1983). However,
the most important information, i.e. the location of these receptors within the
normal structure of the lung, was not revealed in detail until autoradiographic
assessments were completed.

Light-microscopic autoradiography (Young and Kuhar 1979) has enabled the
detection and localization of S-adrenoceptor subtypes in mammalian airways
and lung parenchyma from many animal species including ferret (Barnes et al.
1982), guinea-pig (Goldie et al. 1986a), rabbit (Barnes et al. 1984), rat (Finkel et
al. 1984), mouse (Henry et al. 1990) and pig (Goldie et al. 1986a), as well as from
the human (Carstairs et al. 1985; Spina et al. 1989).

In human lung, the greatest density of S-adrenoceptors was found in alveolar
septae (Carstairs et al. 1984). Approximately 78% of the total human lung tissue
volume consists of alveolar tissue, with only 8% being vascular smooth muscle,
3% as airway smooth muscle and the remaining 11% is connective tissue and
cartilage (Bertram et al. 1983). Furthermore, S-adrenoceptor numbers were 3
times higher in the alveolar wall than over bronchial smooth muscle and 1.4
times higher than over bronchiolar smooth muscle. Thus, approximately 96% of
the B-adrenoceptor population was located in alveolar tissue. However, as might
be expected, significant numbers of S-adrenoceptors were found in bronchial
and bronchiolar airway smooth muscle, as well as in airway epithelium and in
vascular endothelium and smooth muscle.
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4
B-Adrenoceptor Agonists

4.1
Adrenaline

The B,-adrenoceptor agonists used in the therapy of both asthma and COPD are
all structurally related to the endogenous catecholamine adrenaline (Fig. 2). It is
the powerful B, effects of adrenaline that are most important in asthma treat-
ment, although a- and B;-adrenoceptors are also activated. Adrenaline is not ef-
fective when taken orally because it is rapidly metabolized by gastrointestinal
and hepatic monoamine oxidase (MAO). Accordingly, in emergency conditions,
when the use of adrenaline in asthma is necessary, it is given by parenteral in-
jection.

adrenaline
HO CI:H-CHZ-NH-CH3
OH
OH
salbutamol
CH,OH
CH,
HO C|:H-CH2-NH-(IJ-CH3
OH CH,
% formoterol
_CH
NH
4
HO ?H-CHZ-NH-C-CH;@—OCHa
OH
salmeterol

CH,OH

HO C|)H-CH2-NH-CH2-CHZ—CHZ-CHZ-CHZ-CHZ-O-CHZ-CHZ-CHZ-CHZ@
OH

Fig. 2 S-Adrenoceptor agonists
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4.2
Isoprenaline

Isoprenaline is an N-isopropyl derivative of adrenaline that has no significant
agonist effect at a-adrenoceptors, and was the first S-adrenoceptor-selective ag-
onist introduced into asthma therapy. Isoprenaline, like adrenaline, is a cate-
cholamine and so is not useful orally since it is metabolized rapidly by catechol-
O-methyltransferase (COMT). However, significant cardiac stimulation induced
via activation of f3;-adrenoceptors, even after inhalational administration, re-
duces its acceptability as a bronchodilator.

43
Selective f3,-Adrenoceptor Agonists

A major advance occurred with the development and introduction of 3,-adreno-
ceptor-selective agonists that could be given orally or by inhalation and had ex-
tended durations of action compared with adrenaline or isoprenaline. Or-
ciprenaline was the first of this new generation of bronchodilator amines and is
a resorcinol derivative rather than a catecholamine and thus is not inactivated
by extraneuronal COMT. Furthermore, this tertiary amine is not metabolized by
MAO. Although orciprenaline is metabolized by sulpho-conjugation, enough
free drug is absorbed to make it an effective oral bronchodilator. However, se-
lectivity for the f,-adrenoceptor is only slightly improved over that of isoprena-
line (Mcevoy et al. 1973).

Salbutamol (Brittain et al. 1968) and terbutaline (Bergman et al. 1969) pos-
sess much greater selectivity for S;-adrenoceptors than orciprenaline. Both
compounds are active orally, as well as by inhalation and intravenous injection.
All of the newer orally active f3,-adrenoceptor agonists are used in various inha-
lation formulations. The great virtue of being able to administer these new f3,-
adrenoceptor agonists by inhalation is that small but highly effective doses can
be delivered to the lung, giving the desired therapeutic effect rapidly (onset 5-
10 min) and with an extended duration of action (up to 6 h). Negligible plasma
concentrations of the active drug result from these inhaled doses.

44
Long-Acting 3,-Adrenoceptor Agonists

Members of the first generation of S,-adrenoceptor-selective agonist bron-
chodilators, such as salbutamol, are considered to be short-acting since they
have a duration of action of 4-6 h. These agents are effective in a large propor-
tion of asthmatics where they provide rapid symptom relief. Short-acting j3,-ad-
renoceptor agonists are also used to prevent asthma exacerbations that may, for
example, be triggered by exposure to cold air or exercise. However, in some
asthmatic patients, these short-acting drugs need to be administered several
times a day for adequate symptom relief. In addition, treatment of nocturnal
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symptoms in susceptible patients may be problematic given the relatively short
duration of action of these drugs. In order to provide effective treatment in
asthmatic individuals whose symptoms were not adequately managed with
short-acting agents, f,-adrenoceptor agonist bronchodilators were developed
that had durations of action of up to 12 h. Their use in asthma has recently been
reviewed (Kips and Pauwels 2001). Long-acting f,-adrenoceptor agonists have
been shown to be more effective than salbutamol in reducing asthma symptoms
and improving lung function in mild-to-moderate asthmatics (Pearlman et al.
1992; Leblanc et al. 1996; Taylor et al. 1998). Since long-acting f,-adrenoceptor
agonists are relatively new drugs, their safety and efficacy has been compared to
both theophylline and the cysteinyl leukotriene receptor antagonist zafirlukast.
Here, salmeterol has been found to provide significantly greater improvement in
the management of asthma symptoms than either theophylline or zafirlukast
(Davies et al. 1998; Busse et al. 1999).

Salmeterol (Ullman and Svedmyr 1988) (Fig. 2) was specifically designed to
prolong the duration of action of the short-acting f,-adrenoceptor agonist sal-
butamol. While formoterol (Fig. 2) was not deliberately designed to have this
property, it was found to have a 12-h duration of action when administered by
inhalation (Hekking et al. 1990). The agonist activity profiles of formoterol and
salmeterol are distinct, suggesting that the extended duration of action of these
agents is achieved via different mechanisms. Furthermore, salmeterol is a partial
B,-adrenoceptor agonist, whereas formoterol has higher intrinsic activity and is
a full agonist (Linden et al. 1993; Naline et al. 1994). Unlike salbutamol, which is
hydrophilic, both salmeterol and formoterol possess lipophilic properties which
allow them to remain in airway tissues in close proximity to the f,-adrenocep-
tor. This partly explains why the duration of action of these long-acting f3,-adre-
noceptor agonist bronchodilators is at least 12 h. In addition to being lipophilic,
formoterol is also water soluble, ensuring rapid access to the f3,-adrenoceptor
and thus rapid bronchodilator activity. In contrast, salmeterol, being highly li-
pophilic, probably diffuses more slowly to the ,-adrenoceptor laterally through
the cell membrane and has a slower onset of action (Lotvall 2001; Kottakis et al.
2002). Salmeterol contains the saligenin head of salbutamol that binds to the ac-
tive site of the f8,-adrenoceptor. This saligenin head is coupled to a long aliphat-
ic side chain that significantly increases the lipophilicity of salmeterol. The side
chain then binds to a discrete “exosite” that anchors it to the receptor and en-
ables repetitive receptor activation (Green et al. 1996). The exact mechanism by
which formoterol exerts its prolonged effects is unclear but may result from its
lipophilicity, allowing formoterol to enter the plasma membrane where it is held
for a prolonged period. From this site, formoterol diffuses over time to activate
the fB,-adrenoceptor. Inhaled formoterol has also been shown to have a longer
duration of action than orally administered formoterol, probably as a result of
high concentrations building in the bronchial periciliary fluid (Anderson et al.
1994).
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4.5
Delivery of ,-Adrenoceptor Agonists

The metered dose inhaler (MDI) is the most commonly prescribed patient-oper-
ated device for the delivery of asthma therapies, including S,-adrenoceptor
agonists, with approximately 340 million units used every year world-wide
(Partridge 1994; Woodcock 1995). The popularity of the MDI is by virtue of its
effectiveness and ability to deliver a wide range of drugs (Woodcock 1995). In-
deed, salbutamol, when administered via MDI and spacer is as effective and
more cost-effective when compared with delivery via a nebulizer (Newman et al.
2002). MDIs were formulated with a combination of the chlorofluorocarbon
(CFC) propellants 11 and 12. However, because of the ozone-depleting potential
of CFCs, the ozone-friendly propellant hydrofluoroalkane (HFA) 134a has now
replaced CFCs. Studies have demonstrated that the effectiveness and safety of
salbutamol/HFA 134a is comparable to that of salbutamol/CFC (Hawksworth et
al. 2002; Langley et al. 2002).

5
Major Sites of Therapeutic Action

5.1
Airway Smooth Muscle

Both contraction studies in vitro (Goldie et al. 1982) and autoradiographic stud-
ies have confirmed that only §,-adrenoceptors are expressed and mediate relax-
ation to f-adrenoceptor agonists in human airway smooth muscle (Spina et al.
1989). This explains why f;-adrenoceptor-selective agents such as prenalterol
given intravenously, elevate heart rate without inducing bronchodilatation
(Lofdahl and Svedmyr 1982). Agonist stimulation of S,-adrenoceptors reverses
airway obstruction in asthmatics primarily by causing relaxation of central and
peripheral airway smooth muscle. However, given that S,-adrenoceptors are
widely distributed throughout the lung, the beneficial actions of 8,-adrenocep-
tor agonists may in part be the result of actions at other sites. For example, re-
versal or blunting of the actions of inflammatory mediators causing airway wall
oedema would be expected to relieve that component of bronchial obstruction.

5.2
Tracheobronchial Microvessels

It has long been established that airway wall oedema is an obligatory accompa-
niment to airway inflammation. This phenomenon involves the exudation of
plasma from tracheobronchial microvessels into the extravascular space in these
airways and thereby contributes significantly to airway narrowing in asthma
and possibly to epithelial shedding and bronchial hyperresponsiveness (Persson
et al. 1986). The infiltration of inflammatory cells from the vascular space into
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the submucosa and thence into the mucosa itself, is a natural consequence of
this increased microvascular permeability in response to neuropeptides, hista-
mine, endothelin-1 and other mediators of asthma. The tracheobronchial circu-
lation consists of a subepithelial capillary network, with postcapillary venules as
the main site of plasma extravasation. While the mechanisms that provoke plas-
ma protein extravasation are incompletely understood, a variety of stimuli such
as antigen, histamine, platelet-activating factor (PAF) and substance P induce
direct plasma extravasation from bronchial microvessels. The targets of such
mediators and thus the major sites of microvascular plasma leakage leading to a
generalized airway wall oedema, are postcapillary venular endothelial cells
which contract, leaving intercellular gaps which act as pores facilitating plasma
leakage (Persson 1987). Airway oedema contributes to airway narrowing as well
as to bronchial hyperresponsiveness. Thus, inhibition of microvascular perme-
ability could improve airway calibre and also reduce airway inflammation,
thereby providing both therapeutic and prophylactic benefit.

B2-Adrenoceptor agonists have the potential to inhibit mediator-induced mi-
crovascular plasma extravasation by relaxing post-capillary endothelial cells
and thus opposing the spasmogenic actions of various mediators that induce in-
tercellular gap formation (Persson 1986). Indeed, such activity has been demon-
strated for B,-adrenoceptor agonists in vitro (Langeler and Van Hinsbergh
1991) and in vivo (Rippe and Grega 1978; Baluk and Mcdonald 1994). With re-
spect to its effects on endothelial barrier function, cAMP stabilizes endothelial
tight junctions, inhibits myosin light chain kinase, reduces actin-non-muscle in-
teraction and the formation of stress fibres and prevents agonist-induced endo-
thelial gap formation (Moy et al. 1993; Siflinger-Birnboim et al. 1993; Adamson
et al. 1998).

The long acting f,-adrenoceptor agonist formoterol reduced histamine-in-
duced microvascular leakage in guinea-pig airways (Erjefalt and Persson 1991;
Advenier et al. 1992) and salmeterol reduced both early- and late-phase micro-
vascular plasma leakage in rat. Furthermore, inhaled procaterol inhibited hista-
mine-induced microvascular leakage in not only non-sensitized control guinea-
pigs but also in animals sensitized and challenged with ovalbumin (Mirza et al.
1998). This suggests that ,-adrenoceptor agonists may be effective in reversing
oedema in the airway wall associated with allergic inflammation. Furthermore,
B.-adrenoceptor agonists can potentiate the inhibitory effects of both non-selec-
tive and selective phosphodiesterase IV inhibitors against antigen-induced mi-
crovascular leakage (Planquois et al. 1998). The long acting 3;-adrenoceptor ag-
onist salmeterol may also reduce angiogenesis and vascular remodelling in the
airways (Orsida et al. 2001). Another controversial action of f3,-adrenoceptor
agonists is their potential to inhibit the release of inflammatory mediators from
sensory nerves (Advenier et al. 1992; Verleden et al. 1993). This raises the possi-
bility that f,-adrenoceptor agonists have an anti-inflammatory impact and
might attenuate oedema via this indirect mechanism.

These positive findings are to some extent countered by the observations that
formoterol was less effective in the presence of ozone-induced airway inflamma-
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tion (Inoue et al. 1997). Indeed, it has previously been shown in cases of estab-
lished airway microvascular leakage that pretreatment with a j,-adrenoceptor
agonist does not always reduce the leakage of molecules induced by a further
inflammatory stimulus (Erjefalt et al. 1985; Persson 1987). Furthermore, estab-
lished oedema in the tracheobronchial model associated with airway inflamma-
tion does not resolve rapidly in the presence of a conventional (short-acting)
B,-adrenoceptor agonist. Hence, the therapeutic importance of the relaxant ef-
fect of B,-adrenoceptor agonists on post-capillary endothelial cells is controver-
sial. Despite this misgiving, formoterol has been shown to reduce plasma exuda-
tion in induced sputum in normal subjects (Greiff et al. 1998).

6
Other Potential Therapeutic Tissue Targets

6.1
Inflammatory Cells

It has long been known that ,-adrenoceptors are expressed on inflammatory
cells including mast cells (Butchers et al. 1980; Hughes et al. 1983), peripheral
blood lymphocytes (Williams et al. 1976; Koeter et al. 1982; Sano et al. 1983),
polymorphonuclear leukocytes (PMNL) (Galant et al. 1980; Davis et al. 1986;
Nielson 1987), peritoneal macrophages (Schenkelaars and Bonta 1984), alveolar
macrophages; (Fuller et al. 1988), platelets (Cook et al. 1987) and eosinophils
(Koeter et al. 1982; Kraan et al. 1985). The established effects of §,-adrenoceptor
stimulation in some of these cells may be relevant to the therapeutic benefits of
these agents in asthma. For example, it is well established that the response of
both normal volunteers and of asthmatics to intramuscular S-adrenoceptor ago-
nists such as adrenaline is for blood eosinophil numbers to fall dramatically
(Koch-Weser 1968; Reed et al. 1970), an apparent anti-inflammatory reaction.
However, in the case of the inhaled B,-selective bronchodilator terbutaline, no
such decrease in circulating eosinophils was observed.

Arguably, the most important potential anti-inflammatory action of the rela-
tively short-acting f3,-adrenoceptor agonist bronchodilators such as salbutamol
and terbutaline, is their capacity to suppress pro-inflammatory mediator release
from inflammatory cells. For example, in the case of lymphocytes, inhibition of
lymphokine secretion (and of proliferation) is well established (Bourne et al.
1974; Reed 1985). In PMNL, inhibition of superoxide radical generation and leu-
kotriene release has been reported (Busse and Sosman 1984; Mack et al. 1986).
In the case of human lung mast cells, salbutamol is a potent inhibitor of anti-
gen-induced release of histamine and leukotrienes (Peters et al. 1982; Church
and Young 1983). Indeed, salbutamol is 10-100 times more potent that disodi-
um cromoglycate in this regard (Church and Hiroi 1987).

However, while the early asthmatic response is inhibited by f,-adrenoceptor
agonists, their impact on the late response to allergen is much less impressive
(Cockcroft and Murdock 1987). Thus, the anti-inflammatory effects of
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monotherapy with inhaled, short-acting f,-adrenoceptor agonist bronchodila-
tors is minimal (Juniper et al. 1990; Haahtela et al. 1991; Van Essen-Zandvliet et
al. 1992). Accordingly, it is generally accepted that the airway smooth muscle re-
laxant activity of f,-adrenoceptor agonists is the action of primary importance
in asthma. Paradoxically, it is this very powerful bronchodilator action that can
harbour dangers for the asthmatic, since the sense of relative well-being and
control over symptoms that accompanies the use of j,-adrenoceptor agonists
can mask the underlying progression and deterioration of this disease. This po-
tential problem has been recognized and is a driver of recommendations for the
combined use of such bronchodilators with an anti-inflammatory glucocorti-
coid (Kips and Pauwels 2001).

The advent of long-acting f,-adrenoceptor agonist bronchodilators such as
formoterol and salmeterol has re-ignited the question of whether or not a real
therapeutic benefit is obtained in terms of the suppression of mediator release
from inflammatory cells, even though these agents are also delivered by inhala-
tion. It could be argued that the longer duration of action of these agents in-
creases the likelihood of such an effect. Predictably, long-acting f,-adrenoceptor
agonists have been shown in animal studies both in vivo and in vitro, to effec-
tively suppress pro-inflammatory mediator release and cytokine production
and/or release from inflammatory cells. These actions have been demonstrated
in human and/or animal T lymphocytes (Sekut et al. 1995; Holen and Elsayed
1998), macrophages (Linden 1992; Baker et al. 1994; Oddera et al. 1998), mast
cells (Butchers et al. 1991; Gentilini et al. 1994; Lau et al. 1994; Nials et al. 1994;
Bissonnette and Befus 1997; Chong et al. 1998; Drury et al. 1998), eosinophils
(Eda et al. 1993; Rabe et al. 1993; Munoz et al. 1995) and neutrophils (Anderson
et al. 1996). Furthermore, these agonists are also known to inhibit chemotaxis
and recruitment of eosinophils (Whelan and Johnson 1992; Eda et al. 1993;
Whelan et al. 1993; Teixeira et al. 1995; Teixeira and Hellewell 1997) and to delay
apoptosis in these cells (Kankaanranta et al. 2000). However, it is now clear that
monotherapy with long-acting agents such as salmeterol does not provide sig-
nificant anti-inflammatory effect in asthma (Simons 1997; Verberne et al. 1997).

6.2
Secretory Cells

The deleterious impact of mucous hypersecretion and impaired mucociliary
clearance on the effective bronchial lumen diameter and thus on bronchial air-
flow, can be life-threatening in the poorly controlled, severe asthmatic. Submu-
cosal glands in human airways contain f,-adrenoceptors (Carstairs et al. 1985),
the stimulation of which increases mucus output. Importantly, 3,-adrenoceptor
agonists also stimulate increases in ciliary beat frequency (Verdugo et al. 1980;
Lopez-Vidriero et al. 1985) and in the movement of water towards the mucosal
surface where it can hydrate mucus (Phipps et al. 1980). The net effect of these
actions appears to be to improve mucociliary transport in asthmatics (Mossberg
et al. 1976). However, in patients with significantly damaged bronchial epitheli-
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um, it seems likely that cilia function will be impaired, raising the possibility
that in some patients, f3,-adrenoceptor agonist-stimulated mucous secretion
could be detrimental.

7
Adverse Reactions to 3,-Adrenoceptor Agonists

71
Primary Adverse Reactions

The most widely reported adverse effects of therapeutic doses of 5,-adrenocep-
tor agonists mediated via f3,-adrenoceptors are skeletal muscle tremor (Larsson
and Svedmyr 1977), cardiac effects (Paterson et al. 1979), metabolic changes in-
cluding hyperglycaemia, hypokalaemia and decreased partial pressure of arterial
oxygen (Pa0,) (Tai and Read 1967; Smith and Kendall 1984). These effects are
seen in both healthy volunteers and in asthmatics. However, tolerance usually
develops to the tremorogenic effects of ,-adrenoceptor agonists in patients re-
ceiving long-term treatment (Svedmyr et al. 1976; Paterson et al. 1979). Further-
more, while there is little evidence that recommended aerosolized doses exacer-
bate pre-existing cardiac arrhythmias, caution should be taken in such cases.

7.2
Other Significant Direct Adverse Reactions

B2-Adrenoceptor agonist bronchodilators can induce the mobilization of triglyc-
erides resulting in elevated blood levels of fatty acids and glycerol (Smith and
Kendall 1984), although it is the B;-adrenoceptor that is responsible for mediat-
ing this effect. Salbutamol, terbutaline and fenoterol can induce mild appetite
suppression, headache, nausea and sleep disturbances (Miller and Rice 1980;
Pratt 1982). This is consistent with their ability to cross the blood-brain barrier,
leading to CNS levels approximately 5% of those seen in plasma (Caccia and
Fong 1984).

13
Stereoisomers of Salbutamol

Salbutamol, the most widely used f,-adrenoceptor agonist bronchodilator, is a
racemic mixture of equal parts of R-salbutamol and S-salbutamol. B,-Adreno-
ceptor-mediated bronchodilatation is stereoselective, with R-salbutamol being
wholly responsible for 3, adrenoceptor-mediated bronchodilation and S-salbu-
tamol being inactive in humans (Prior et al. 1998; Zhang et al. 1998). Since
S-salbutamol has previously been shown to cause a small increase in airway
reactivity in vitro (Mazzoni et al. 1994; Yamaguchi and Mccullough 1996), it
was suggested that the S-enantiomer of racemic fB,-adrenoceptor agonists
may cause airway hyperreactivity and even contribute to increased mortality



B-Adrenoceptor Agonists 17

(Perrin-Fayolle et al. 1996; Handley et al. 1998). This potential safety concern,
coupled with the finding that repeated administration of R, S-salbutamol result-
ed in S-salbutamol accumulation (Gumbhir-Shah et al. 1998; Dhand et al. 1999;
Schmekel et al. 1999), resulted in the development of the optically pure R-salbu-
tamol, levalbuterol, recently introduced into the U.S. market. Importantly, stud-
ies have now demonstrated that S-salbutamol has no deleterious effect on
airway responsiveness to methacholine in asthmatic patients (Cockcroft and
Swystun 1997; Cockcroft et al. 1999). Thus, R-salbutamol cannot claim to be
safer than R,S-salbutamol based on the argument that S-salbutamol increases
airway reactivity. Indeed, R,S-salbutamol has been found to be as safe as R-sal-
butamol in patients with asthma (Gumbhir-Shah et al. 1998; Nelson et al. 1998;
Gawchik et al. 1999). Furthermore, evidence in both adults and children with
stable asthma indicates that R-salbutamol is as effective a bronchodilator as
equimolar doses of R,S-salbutamol (R-salbutamol 1.25 mg=R,S-salbutamol
2.5 mg) (Nelson et al. 1998; Gawchik et al. 1999). As an added disadvantage,
R-salbutamol is likely to be more expensive than a comparable generic racemic
salbutamol preparation. Taken together, the evidence indicates that R-salbuta-
mol offers no genuine advantage with respect to safety or clinical efficacy over
racemic salbutamol (Ahrens and Weinberger 2001; Boulton and Fawcett 2001).

8
Combination Therapy

8.1
Long-Acting 3;-Adrenoceptor Agonists and Glucocorticoids

The scientific rationale for the use of long-acting f,-adrenoceptor agonists in
combination with a corticosteroid has recently been summarized (Barnes 2002).
The use of long-acting ,-adrenoceptor agonists has been examined in asthmat-
ic patients whose symptoms persisted despite treatment with low-dose gluco-
corticoids. In a randomized, double-blind, parallel-group trial, 429 adult asth-
matics receiving 200 ug twice daily of inhaled beclomethasone dipropionate
were selected. These mild-to-moderate asthmatics were symptomatic despite
treatment with inhaled glucocorticoids. Subjects were assigned to receive either
50 ug salmeterol plus 200 ug beclomethasone or 500 ug beclomethasone alone
twice daily for 6 months (Greening et al. 1994). There were significant advan-
tages in favour of salmeterol plus beclomethasone compared with the higher
dose of beclomethasone alone with respect to lung function and symptom con-
trol. Woolcock et al. (1996) recruited 738 moderate-to-severe asthmatics, whose
symptoms were not controlled by twice daily 500 ug beclomethasone dipropi-
onate. In this study, the administration of either 50 ug or 100 ug salmeterol
twice daily with 500 ug beclomethasone had a more rapid and pronounced ben-
eficial effect on control of asthma symptoms and lung function than doubling
the dose of beclomethasone (twice daily 1000 ug) (Woolcock et al. 1996). Impor-
tantly, the addition of salmeterol was found to not increase bronchial hyperre-
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sponsiveness or asthma exacerbation rates (Greening et al. 1994; Woolcock et al.
1996). Furthermore, meta analysis of nine parallel group trials revealed that ad-
dition of salmeterol to low to moderate doses of inhaled glucocorticoid in
symptomatic patients was superior to doubling the dose of inhaled glucocorti-
coid (Shrewsbury et al. 2000).

These studies demonstrate that interactions between f;-adrenoceptor ago-
nists and glucocorticoids are predominantly positive, with combinations of the
two drugs improving asthma control and exacerbation rates. While this is par-
ticularly true for long-acting f;-adrenoceptor agonists, the exact mechanism re-
mains unclear. For example, the effects of long-acting f,-adrenoceptor agonists
and glucocorticoids may be merely additive; with the former causing prolonged
bronchodilation and the latter reducing or reversing airway inflammation. Al-
ternately, there may be true synergy between these agents with long-acting
Ba-adrenoceptor agonists enhancing the effects of glucocorticoids (Kips and
Pauwels 2001; Barnes 2002). It has been suggested that long-acting B;-adreno-
ceptor agonists may have “steroid-enhancing” or “steroid-sparing” effects. How-
ever, it is important to note that monotherapy with long-acting 3,-adrenoceptor
agonists is less effective than inhaled glucocorticoids alone, suggesting that
these terms need to be used cautiously (Lazarus et al. 2001).

Based on the complementary roles of 3,-adrenoceptor agonists and glucocor-
ticoids, the long-acting fB,-adrenoceptor agonist salmeterol and the glucocorti-
coid fluticasone have been combined in a single inhaler with the potential to
treat both the airway smooth muscle dysfunction and inflammatory compo-
nents of asthma. Such combination products have the potential to limit overuse
of ff,-adrenoceptor agonist bronchodilators in the absence of anti-inflammatory
therapy, thus ensuring that B,-adrenoceptor agonists are not used as monother-
apy. However, the use of “fixed” combination inhalers may be associated with
the overuse of both drugs in the management of asthma, as control over individ-
ual drug dosages is lost.

In spite of these shortcomings, combination inhalers are effective in the treat-
ment of many asthmatics and this format for combination therapy may become
the method of choice in the near future in patients with persistent asthma
(Barnes 2002). Studies in adults and adolescents have demonstrated improve-
ments in forced expiratory volume in 1 s (FEV)), peak expiratory flow (PEF),
and asthma symptoms with a combination product containing salmeterol
(50 ug) and fluticasone propionate (100, 250 or 500 ug) delivered via the dry
powder Diskus inhaler (Seretide) (Aubier et al. 1999; Chapman et al. 1999; Bate-
man et al. 2001). Additionally, children aged 4-11 years who were symptomatic
while receiving inhaled glucocorticoids, had similar improvements in FEV,, PEF
and asthma symptoms with salmeterol/fluticasone propionate (50/100 ug) (Van
den Berg et al. 2000). The combination of fluticasone propionate and salmeterol
via the Diskus device has also been found to improve lung function and reduce
the severity of dyspnea in patients with COPD (Mabhler et al. 2002). More recent-
ly, a salmeterol/fluticasone propionate MDI has been developed to provide an
alternative choice of delivery system. Three strengths of the salmeterol/fluticas-
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one propionate MDI are available each containing a constant dose of salmeterol
(25 ug) combined with fluticasone (50, 125 or 250 ug) per actuation. Since each
dose is given as two actuations, these preparations are equivalent to the three
strengths of the salmeterol/fluticasone propionate Diskus indicated above. The
efficacy and safety of salmeterol/fluticasone propionate (50/100 ug) was found
to be comparable whether administered via MDI or dry powder Diskus inhaler,
allowing a choice of delivery systems (Bateman et al. 2001).

8.2
D,-Receptor Agonists

A different approach to combination therapy is to incorporate multiple pharma-
cological actions within the one drug molecule. Airway hyperreactivity, a feature
of both asthma and COPD, is associated with neural reflex pathways that include
sensory afferent nerves. While the receptors that modulate the activity of these
airway nerves have yet to be characterized, reflex nerve activity may be con-
trolled by modulating the activity of afferent nerves. For example, dopamine,
via stimulation of D,-receptors, may play a role in the control of lung function
by reducing the ability of sensory nerves to produce harmful reflex activity.
Indeed, D,-receptor mRNA has been detected in rat vagal afferent neurones
(Lawrence et al. 1995) and dorsal root ganglia (Xie et al. 1998), nerves associat-
ed with reflex pathways. Thus, D,-receptor agonists should reduce reflex bron-
choconstriction, dyspnea, cough and mucus production, without any direct
bronchodilator activity. A dual dopamine D,-receptor and f3;-adrenoceptor ago-
nist would combine the modulating effects of a dopamine D,-receptor agonist
on sensory afferent nerves with the bronchodilator action of a B;-adrenoceptor
agonist in the one molecule. An example of such a compound is AR-C68397AA
(Viozan) (Bonnert et al. 1998). Combination therapy of this sort may provide
effective symptomatic treatment for both asthma and COPD with the added ad-
vantage of reducing neurogenic inflammation in the airways. Interestingly, the
benzothiazole structure of the synthetic compound AR-C68397AA has since
been found to occur in the natural ,-adrenoceptor agonist S1319 (4-hydroxy-7-
[1-(1-hydroxy-2-methylamino)ethyl]-1,3-benzothiazole-2(3H)-one) found in a
marine sponge Dysidea sp. (Suzuki et al. 1999).

9
Pharmacogenetics of 3,-Adrenoceptor Agonists in Asthma

Pharmacogenetics is the study of the role of genetic determinants in the variable
response to therapy. Within the human population, the f3;-adrenoceptor is poly-
morphic, with some of these polymorphic receptors having different pharmaco-
logical properties. Recent studies have suggested that genetic factors may under-
lie some of the variability in treatment responses to f-adrenoceptor agonists
seen in asthmatics. Both single-nucleotide polymorphisms (SNPs) and variable
nucleotide tandem repeats (VNTRs) are genetic polymorphisms that have been
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shown to have pharmacogenetic effects in asthma. A total of 13 polymorphisms
in the f,-adrenoceptor gene and its transcriptional regulator S-upstream pep-
tide have been identified (Liggett 2000a,b).

Within the B,-adrenoceptor gene, coding variants at positions 16 and 27, in
the extracellular N-terminal domain, have been shown to be functionally impor-
tant in vitro (Green et al. 1994; Mcgraw et al. 1999). While the Gly-16 receptor
exhibits enhanced downregulation in vitro following exposure to an agonist
(Green et al. 1994), Arg-16 receptors are more resistant to desensitization. How-
ever, N-terminal polymorphisms at position 16 failed to alter either the rates of
new receptor synthesis following irreversible alkylation or the rate of agonist-
promoted internalization of the receptor to the intracellular pool (Green et al.
1994). Due to linkage disequilibrium, individuals who are Arg/Arg-16 are much
more likely to be Glu/Glu-27 and individuals who are Gly/Gly-16 are much more
likely to be GIn/GIn-27. Furthermore, the position 27 genotypes influence but
do not abolish the effect of position 16 polymorphisms with respect to down-
regulation of phenotypes in vitro (Green et al. 1994; Mcgraw et al. 1999). The
potentially protective Glu-27 polymorphism has been reported to be associated
with decreased airway reactivity in asthma (Hall et al. 1995) but it did not seem
to influence nocturnal asthma (Turki et al. 1995) or bronchodilator responsive-
ness (Martinez et al. 1997). In contrast, the GIn-27 polymorphism has been as-
sociated with elevated IgE levels and an increase in self-reported asthma in chil-
dren (Dewar et al. 1997). Israel and co-workers (2001) noted a decrease in
morning peak expiratory flow in patients who were Arg/Arg-16 and who regu-
larly used salbutamol (Israel et al. 2001).

In an attempt to explain the apparent disparity between in vitro and patient
data, Liggett has proposed that Gly/Gly-16 individuals are already downregulat-
ed as a result of exposure to endogenous catecholamines (Liggett 2000b). As
such, desensitization caused by recurrent exogenous -adrenoceptor agonist ex-
posure would be more apparent in Arg/Arg patients with functional B-adreno-
ceptors. In this scenario, the initial response to salbutamol in S-adrenoceptor
agonist-naive patients would be depressed in Gly/Gly individuals, since their re-
ceptors would have been downregulated to a greater extent due to endogenous
catecholamines. The bronchodilator response obtained after administration of a
single dose of salbutamol has also been examined (Martinez et al. 1997). Here,
B-adrenoceptor agonist-naive asthmatic and non-asthmatic children in the Arg/
Arg-16 group showed a greater bronchodilator response, with Arg/Arg-16 chil-
dren being 5.3-fold more likely to exhibit a positive bronchodilator response to
salbutamol compared with Gly/Gly-16 children.

It is important to note that pharmacogenetic studies of treatment response
are often negative (Hancox et al. 1998) or involve small subject numbers (Tan et
al. 1997; Lipworth et al. 1999). Larger scale pharmacogenetic studies will need
to be conducted in order to detect large effects associated with a SNP. The data
obtained so far suggest that f;-adrenoceptor polymorphisms may alter the re-
sponse to S-adrenoceptor agonists. However, it is still unclear whether f,-adre-
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noceptor polymorphisms will have any great clinical relevance for most pa-
tients.

10
Clinical Application

10.1
Asthma

In general, asthma medication can be divided into two groups; reliever and pre-
venter medications. The major group of asthma reliever medications are f5,-ad-
renoceptor agonist bronchodilators which act quickly and effectively to relieve
bronchoconstriction and the associated asthma symptoms of chest tightness,
wheezing and cough. The main asthma preventer medications are the glucocor-
ticoids which are used prophylactically and as maintenance therapy to reduce,
reverse and prevent airway inflammation. It is vital that all asthmatic patients
learn to manage their own asthma and that they have a good understanding of
the role of reliever and preventer medications in treating their disease. The goal
of asthma management is to achieve and maintain best lung function and an
ideal starting point is the institution of an asthma management plan (National
Asthma Campaign—Asthma Management Handbook 2002). Typically, the first
step in such a plan is the assessment of the patient’s asthma severity. The patient
may then be treated intensively, with reliever and/or preventer medication, until
best lung function is achieved. The types and quantity of drug used can then be
back-titrated to the least number of medications and lowest dose required for
good control of asthma symptoms and maintenance of best lung function. Since
prevention is the key to successful asthma management, an important compo-
nent of any asthma management plan is the identification and avoidance or con-
trol of asthma triggers such as allergen, exercise and cold air. In addition, an in-
dividualized action plan needs to be developed to manage any ongoing asthma
symptoms and exacerbations. An effective asthma management plan necessi-
tates regular review and ongoing patient education.

The severity of asthma may be classified based on an assessment of asthma
symptoms and lung function in combination with the types and quantity of
drug required to reduce or avoid symptoms. In this way, patients with asthma
may be classified as having mild intermittent, mild persistent, moderate or se-
vere disease (NIH: NHLBI 1997; 1998; NHLBI/WHO Workshop report 1995).
The clinical classification of asthma severity forms the basis of the stepwise ap-
proach to asthma pharmacotherapy, with the number and frequency of medica-
tions increasing (step up) as the severity of asthma increases and decreasing
(step down) when asthma is under control (Table 1). However, classifying asth-
ma severity is not intended to restrict the type of drug therapy received by an
individual patient, but is intended as a guide to the level of therapy that may be
required to achieve symptom control. Furthermore, patients diagnosed with any
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level of asthma may have mild, moderate or severe exacerbations and these ex-
acerbations also require appropriate management.

In patients with mild intermittent asthma, short-acting inhaled f,-adreno-
ceptor agonists, including salbutamol and terbutaline, are the treatment of
choice and should be used as required to relieve symptoms and prevent those
induced by exercise or exposure to allergen. If this regimen fails to control asth-
ma symptoms, an increase in f;-adrenoceptor agonist use needs to be consid-
ered. Usually, the infrequent nature of symptoms in this group of patients does
not warrant continuous f3,-adrenoceptor agonist therapy.

Patients with mild persistent asthma should be treated with low-dose inhaled
glucocorticoids to treat airway inflammation. In addition, the regular use of
short-acting inhaled B;-adrenoceptor agonists is required for the relief of acute
asthma symptoms. If best lung function is not maintained under this treatment
regimen, the dose of inhaled glucocorticoid can be increased and/or a long-act-
ing B,-adrenoceptor agonist used, particularly when breakthrough and/or
night-time symptoms persist.

The treatment of moderate persistent asthma involves inhaled glucocorti-
coids and the regular use of long-acting f3,-adrenoceptor agonists, such as sal-
meterol and formoterol. The latter are particularly useful for the control of
night-time symptoms. The addition of a long-acting B-adrenoceptor agonist to
the treatment regimen may also have a steroid-sparing effect in these patients.
Short-acting B,-adrenoceptor agonists may be used in these patients for the ra-
pid treatment of acute symptoms.

In most cases, patients with severe asthma should receive high doses of in-
haled glucocorticoids and the regular use of long-acting f,-adrenoceptor ago-
nists. Short-acting B-adrenoceptor agonist medications should be used for acute
symptom relief. Asthma exacerbations in this group of patients may also require
a course of oral glucocorticoid therapy.

10.2
copD

The severity of COPD may be classified into four stages (GOLD 2001; Table 2).
However, the management of COPD is driven largely by symptomology and
there is often no direct relationship between the degree of airflow limitation and
the presence of symptoms. Thus, disease classification provides only a very gen-
eral indication of the approach to be given to management of COPD.

The goals of effective COPD management are to prevent disease progression,
relieve symptoms, improve exercise tolerance, improve health status, prevent
and treat complications, prevent and treat exacerbations and reduce mortality.
Pharmacotherapy is used to prevent and control symptoms, reduce the frequen-
cy and severity of exacerbations, improve health status and improve exercise
tolerance. Importantly, existing medications used for the treatment of COPD
have not been shown to modify the long-term decline in lung function associat-
ed with this disease. Bronchodilator medications including fB,-adrenoceptor ag-
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Table 2 Classification of COPD by severity (GOLD 2001)

FEV, values refer to post-bronchodilator values; FVC, forced vital capacity.

onists, anticholinergics and theophylline, given alone or in combination, have a
role to play in relieving symptoms as well as preventing and treating exacerba-
tions (Chrystyn et al. 1988; Vathenen et al. 1988; Gross et al. 1989; Higgins et al.
1991; Anthonisen et al. 1994). These bronchodilators may be used either on an
as needed basis for the relief of persistent or worsening symptoms, or on a reg-
ular basis to prevent or reduce symptoms. The choice between f,-adrenoceptor
agonist, anticholinergic, theophylline (or related compound) or some combina-
tion of these drug therapies depends on the response obtained by the individual
in terms of symptom relief and side effects. A combination of bronchodilators
may produce additional improvements in lung function and health status while
decreasing the risk of side effects compared with increasing the dose of a single
bronchodilator (Taylor et al. 1985; Guyatt et al. 1987; Gross et al. 1998; Van No-
ord et al. 2000).

A key diagnostic feature of COPD is poor reversibility of airflow limitation
following inhalation of a short-acting 3,-adrenoceptor agonist. Importantly, 3,-
adrenoceptor agonist bronchodilators have been shown to improve hyperinfla-
tion, exercise capacity and quality of life in COPD patients, without necessarily
producing significant changes in FEV; (Guyatt et al. 1987; Jenkins et al. 1987;
Cazzola et al. 1995; Boyd et al. 1997). Recent studies have shown that long-acting
inhaled B,-adrenoceptor agonists significantly improve symptoms and increase
health-related quality of life in COPD patients (Ulrik 1995; Jones and Bosh 1997;
Mabhler et al. 1999).

1n
Concluding Remarks

The airway smooth muscle relaxant effect of B,-adrenoceptor agonists is their
primary beneficial action in asthma and COPD, although positive therapeutic
influences on mucus production and clearance and bronchial oedema may also
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occur. f3,-Adrenoceptor agonists appear to be largely ineffective in suppressing
or controlling airway inflammation in asthmatics and are likely to be equally in-
effective in COPD patients. Accordingly, in asthma, despite their relative lack of
significant, direct detrimental side effects, there is consensus that 3,-adrenocep-
tor agonist bronchodilators, whether or not they are long acting, should not be
used as monotherapy in any but the most mild of cases. Indeed, the powerful
bronchodilator (reliever) actions of both long- and short-acting f3,-adrenocep-
tor agonists may mask the onset and/or deterioration of on-going airway in-
flammation in asthmatics. The increased emphasis on anti-inflammatory thera-
pies in recent years is now complemented by the use of f,-adrenoceptor ago-
nists in therapeutic regimes centred on the combined use of corticosteroids and
B.-adrenoceptor agonist bronchodilators. Indeed, the introduction of single ad-
ministration formulations of inhaled steroid with a bronchodilator is finding in-
creasing acceptance in the treatment of persistent asthma. Unfortunately, in
COPD, bronchodilator therapies do not alter the long-term decline in lung func-
tion. However, f,-adrenoceptor agonist bronchodilators and anticholinergics
and theophylline, given alone or in combination, can relieve symptoms and help
to reverse exacerbations. The introduction of long-acting f,-adrenoceptor ago-
nists has produced significant improvements in symptoms in COPD patients
and thus has had a positive impact on quality of life in these patients. The use of
combination bronchodilator/corticosteroid regimes further assists in the man-
agement of this disease.
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Abstract Anticholinergic agents produce bronchodilation by relaxing peribron-
chial smooth muscle. Unlike other agents, they have no other therapeutic ac-
tions on airways. Their main use is in chronic obstructive pulmonary disease
(COPD) in which condition they are first-line therapy for stable disease. The
new, long-acting anticholinergic agent tiotropium has the advantages that it has
both a very long duration of action, making it appropriate for once-daily thera-
py, and is selective for the muscarinic receptor subtypes that mediate smooth
muscle activity. Anticholinergic agents may have a role in asthma as adjunctive
treatment in stable asthma, and in combination with an adrenergic agent in
acute severe asthma. The currently available agents, ipratropium, oxitropium
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and tiotropium are poorly absorbed when taken by inhalation and, consequent-
ly, have a very wide margin of safety, dry mouth being the only common adverse
effect.

Keywords Antimuscarinic agents - Muscarinic receptors - Vagal activity -
Bronchodilators - Ipratropium - Tiotropium - Oxitropium - Stable COPD -
Asthma

1
Introduction

Anticholinergic agents such as atropine are present in many plants indigenous
to tropical and temperate regions and have been used in herbal remedies for
many centuries. There are accounts from the seventeenth century of the use of
Datura stramonium leaves for the treatment of asthma in India. In the early
nineteenth century this plant was brought to Europe by British colonists and
quickly became widely used to treat breathing difficulties (Courty 1859; Gande-
via 1975).

Naturally-occurring anticholinergics such as atropine and scopolamine are
well absorbed from the respiratory and gastrointestinal tracts and produce
many side effects and, therefore, are poorly accepted by patients. Thus, when ef-
fective alternatives were discovered such as adrenaline in the 1920s and xan-
thines in the 1930s, anticholinergic agents fell out of favour. But anticholinergic
bronchodilators returned to clinical use with better understanding of the role of
the parasympathetic system in controlling airway tone and with the synthesis of
congeners of atropine that are much less prone to produce side effects (Gross
and Skorodin 1984a).

2
Rationale

Parasympathetic, cholinergic nerves supply most of the autonomic innervation
to the human airways via branches of the vagus nerve (Richardson 1982). These
travel along the airways and synapse at peribronchial ganglia with short post-
ganglionic nerves which supply smooth muscle cells and mucous glands, pre-
dominantly in the central airways. The varicosities and terminals of the post-
ganglionic nerves release acetylcholine which activates muscarinic receptors on
these structures, stimulating smooth muscle contraction, releasing mucus from
mucus glands, and accelerating ciliary beat frequency. At rest, a low level of on-
going vagal tone results in tonic smooth muscle contraction. In addition, phasic
augmentation of cholinergic activity can result from a variety of stimuli by
means of neural reflex pathways. Afferent activity from irritant receptors and C
fibres located anywhere in the upper and lower airways, and probably also from
the oesophagus and carotid bodies, is transmitted along vagal afferents, through
the vagal nuclei in the brain-stem, and then through vagal efferents to the larger
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airways that receive vagal innervation. Stimuli which elicit such reflex vagal ac-
tivity include mechanical irritation, many irritant gases, aerosols, particles, cold
dry air, and a variety of specific mediators (Widdicombe 1979; Nadel 1980).
Some bronchospastic events in humans are mediated at least partly by this re-
flex vagal activity. There is also evidence that baseline cholinergic bronchomo-
tor tone is increased in both asthma (Shah et al. 1990) and chronic obstructive
pulmonary disease (COPD) (Gross et al. 1989). Both tonic and phasic mecha-
nisms are amenable to inhibition by anticholinergic agents.

Anticholinergic agents compete with acetylcholine at muscarinic receptors
and thus inhibit cholinergic activity, resulting in airways dilatation. However, as
vagal activity probably accounts for only a portion of the airflow obstruction in
patients with asthma or COPD, airflow is not usually normalized by anticholin-
ergic agents, nor do they inhibit other mediators of airways obstruction (such
as leukotrienes) or other mechanisms of airways inflammation.

2.1
Muscarinic Receptor Subtypes in Airways

The physiological effects of acetylcholine are mediated by interaction with mus-
carinic receptors. There are at least five (and possibly more) closely related
muscarinic receptor genes in the human genome, of which three (called M;, M,
and Mj;) are expressed in the lung. These muscarinic receptor subtypes are
found in different lung structures and appear to have different physiologic func-
tions. Muscarinic receptors in the airways are predominantly located in central
airways in contrast to S-adrenergic receptors which are located throughout the
airways (Carstairs et al. 1985). Current understanding is that M; receptors,
which are located in peribronchial ganglia, facilitate the amplification and trans-
mission of preganglionic nerve traffic to postganglionic nerves; they thus en-
hance bronchoconstriction and mucus release. M; receptors are located on
smooth muscle cells and submucosal glands and mediate smooth muscle con-
traction and mucus secretion (Gross and Barnes 1988). Inhibition of M; and M3
receptors is thus desirable in alleviating airways obstruction. M, receptors, by
contrast, are autoreceptors located on postganglionic fibres whose stimulation
provides feedback inhibition of further acetylcholine release from postganglion-
ic nerve terminals. They thus tend to limit vagal bronchoconstriction and their
inhibition would be undesirable in treating airways obstruction.

This scheme has important physiologic implications for the use of anticholin-
ergic agents in airways disease.

First, all naturally occurring anticholinergic agents as well as the synthetic
anticholinergic agents such as ipratropium and oxitropium are not selective for
muscarinic subtypes—they inhibit M, receptors as well as M; and Mj; receptors.
Second, M, receptors appear to be selectively damaged by certain viruses as well
as by some eosinophil products. It has been suggested that this may account for
the bronchospasm associated with viral infections particularly in children (Fry-
er and Jacoby 1991, 1993). Attempts to develop selective anticholinergic agents
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have resulted in tiotropium bromide, a congener of ipratropium that binds
strongly to M; and Mj; receptors, but which dissociates rapidly from M, recep-
tors, rendering it functionally selective for M; and Mj receptors (Barnes et al.
1995; Maesen et al. 1995; O’Connor et al. 1996; Disse et al. 1999).

3
Pharmacology

Anticholinergic agents are classified as either tertiary or quaternary ammonium
alkaloids, depending on the valence of the nitrogen atom in the tropane ring,
Fig. 1. In anticholinergic agents found in nature, e.g. atropine and scopolamine,
the nitrogen atom is 3-valent, and these agents are thus tertiary ammonium
compounds. They are soluble in water and lipids and are well absorbed from
mucosal surfaces and the skin. Consequently they are widely distributed in the
body and cross the blood-brain barrier, producing wide-spread, dose-related
systemic effects. Thus, atropine in the dose that results in bronchodilatation
(1.0-2.5 mg in adults) commonly results in flushing of the skin, dry mouth and
some tachycardia. In only slightly higher doses it may produce blurred vision,
urinary retention in males and mental effects such as irritability and confusion.
The therapeutic margin of atropine and its natural congeners is small, making
these agents less than optimal for clinical use.

Quaternary ammonium compounds, which are all synthetic, carry a charge
associated with the 5-valent nitrogen atom that renders these molecules poorly
absorbable from mucosal surfaces. Such agents retain their anticholinergic ac-
tion at the site of deposition and will, for example, dilate the pupil if delivered
to the eye or dilate the airways when inhaled. However, their systemic absorp-
tion from these sites is insufficient to produce systemic effects, even when deliv-
ered in much higher dosage than recommended (Gross and Skorodin 1985).
Quaternary agents can thus be regarded for practical purposes as topically ac-
tive forms of atropine. This group includes ipratropium bromide (Atrovent), ox-
itropium bromide (Oxivent), atropine methonitrate, glycopyrrolate bromide
(Robinul) and tiotropium bromide (Spiriva).

Br7eH,0
.
C,yH
N/CHJ CHy=N’ '
O CH,OH
O CH,OH [
1] O—-C—-CH
—C—CH
ATROPINE IPRATROPIUM BROMIDE

Fig. 1 Structures of atropine, a tertiary ammonium anticholinergic agent, and ipratropium bromide, a
quaternary ammonium agent
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Tiotropium is unique in that it is functionally selective for the muscarinic re-
ceptor subtypes that are believed to mediate bronchoconstriction (see above)
and is also extremely long acting (Maesen et al. 1995; O’Connor et al. 1996),
which allows for once-daily dosing as a regular bronchodilator. Its prolonged ac-
tion also provides protection against nocturnal bronchoconstriction which is
largely mediated by cholinergic mechanisms. For these reasons, tiotropium may
prove preferable to alternative currently available anticholinergic agents. Indeed,
in several randomized trials involving many patients with stable COPD, tiotropi-
um was more effective than ipratropium in improving trough, average, and peak
forced expiratory volume in 1 s (FEV,) over periods of 3 months or more (van
Noord et al. 2000, 2002; Vincken et al. 2002).

3.1
Subsensitivity

In general, subsensitivity or tachyphylaxis does not occur with receptor antago-
nists, even following prolonged or intensive use (in contrast with receptor ago-
nists). In keeping with this principle, subsensitivity has been sought but not
found in the case of ipratropium. This is expected to be the case with other
members of this class.

3.2
Pharmacokinetics

Atropine is quantitatively absorbed from the airways, and peak blood levels are
reached in about 1 h. Its plasma half-life is about 3 h in most adults, possibly
longer in children and the elderly (Gross and Skorodin 1984a). Small amounts
are found in the faeces and in breast milk. Studies of radiolabelled ipratropium
following oral or inhaled administration show that serum levels are very low,
with a peak at about 1-2 h and a half-life of about 4 h. Most of the drug is excret-
ed unchanged in the urine. Very little reaches the central nervous system. Its
bronchodilator effect following inhalation is somewhat longer than that of atro-
pine, probably because it is not removed from the airways by absorption. Most
of an oral dose is recovered unchanged in the faeces, a small amount is recovered
as inactive metabolites in the urine. A similar distribution is likely for tiotropi-
um, however the half-life of tiotropium is in excess of 1 day (Disse et al. 1999).

4
Clinical Efficacy

4.1
Dose-Response

Dose-response data for a variety of anticholinergic agents given by various inhala-
tional methods has been provided in a previous review (Gross and Skorodin 1987).
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For ipratropium by nebulized solution, the optimal dose is 500 ug in adults
and 125-250 ug in children. By metered dose inhaler (MDI), its optimal dose is
40-80 pg in young adults with asthma and 160 ug in older patients with stable
COPD in whom airways obstruction is generally more severe. The optimal dose
by dry powder inhaler (DPI) may be lower than that by MDI. Thus 10 ug of ip-
ratropium delivered as DPI was equipotent to 20 ug delivered by MDI (Bollert et
al. 1997).

In dose-ranging studies, the optimal dose of tiotropium by DPI in patients
with stable COPD was 18 ugm (Maesen et al. 1995, Littner et al 2000). Tiotropi-
um will not be available as an MDI. It may also become available by an alterna-
tive device (Respimat) that delivers a “soft mist”.

4.2
Against Specific Stimuli

In laboratory studies in asthmatic humans, anticholinergic agents provided
variable protection against bronchospastic stimuli (Gross and Skorodin 1984a).
They protected well against cholinergic agonists such as methacholine and
against bronchospasm induced by f-blocking agents and by psychogenic fac-
tors. Against bronchospasm due to most other stimuli, e.g. histamine, prosta-
glandins, non-specific dusts and irritant aerosols, exercise and hyperventilation
with cold, dry air, they provide only partial protection at best (Ayala and
Ahmed 1989; Azevedo et al. 1990). In most of the latter instances, adrenergic
agents usually provide greater protection. Ipratropium had no prophylactic ef-
fect against leukotriene-induced bronchospasm (Ayala et al. 1988).

43
In Stable Asthma

A very large number of studies have compared the bronchodilator effect of anti-
cholinergic agents with those of adrenergic agents in patients with stable asthma
(Ruffin et al. 1977). Most of these studies used recommended doses rather than
optimal doses of each class of agent. In general, the anticholinergic agent takes
longer to reach peak bronchodilator effect, e.g. 30-60 min in the case of ipratro-
pium compared with about 15 min for most adrenergic agents. At peak effect,
they almost invariably result in less bronchodilation than following an adrener-
gic agent, but an anticholinergic agent such as ipratropium tends to be slightly
longer-acting than an adrenergic agent such as salbutamol.

There is substantial variation in responsiveness among asthmatic patients;
however, a few patients respond as well to an anticholinergic agent as to adren-
ergic agents. Attempts to identify which asthmatic patients are likely to respond
well to anticholinergics have not been successful. In general, the bronchodilator
effect of ipratropium is maintained or may even increase with age, in contrast to
the effect of adrenergic agents, which tends to decrease with age (Ullah et al.
1981). However, children aged 10-18 years have been shown to respond to anti-
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cholinergic use (Vichyanond et al. 1990). Individuals with intrinsic asthma and
those with longer duration of asthma may also respond better to an anticholin-
ergic agent than individuals with extrinsic asthma (Jolobe 1984). An individual
trial probably remains the best way to identify responsiveness (Brown et al.
1984). Postnasal drip may provoke asthma symptoms. Ipratropium nasal spray
is commercially available and effective in reducing rhinorrhoea (Baroody et al.
1992) and, in these patients, may reduce asthma symptoms.

44
Acute Severe Asthma

Studies suggest that S-adrenergic agonists are the bronchodilators of choice in
acute severe asthma. Although an anticholinergic agent should not be used as
the sole initial bronchodilator, it may add to the bronchodilatation achieved by
the adrenergic agent. The combination of 500 ug nebulized ipratropium with
1.25 mg nebulized fenoterol resulted in significantly more bronchodilatation
over the first 90 min of treatment than either agent alone (Rebuck et al. 1987),
and patients with more severe airway obstruction obtained the greatest benefit
from the combination. In a meta-analysis of 10 such studies (total of 1,377 pa-
tients), the addition of ipratropium to a S-agonist reduced hospital admissions
by 27% and increased FEV; by 100 ml more than in patients receiving adrener-
gic agents alone (Stoodley et al. 1999)—benefits which were both statistically
and clinically significant.

It is thus appropriate to administer both classes of bronchodilators in acute
severe asthma, especially during the initial hours of treatment (Brophy et al.
1998) and particularly in patients with more severe airflow obstruction.

45
Paediatric Airways Disease

In children with acute severe asthma, the addition of ipratropium to a S-adren-
ergic agent accelerated the rate of improvement of airflow in some studies (Beck
et al. 1985; Reisman et al. 1988), but not in others (Storr and Lenney 1986; Bon-
er et al. 1987; Schuh et al. 1995; Ducharme and Davis 1998; Qureshi et al. 1998;
Zorc et al. 1999). A systematic review of ten studies concluded that the addition
of multiple doses of ipratropium to conventional adrenergic therapy was safe,
improved lung function, and reduced hospitalization rates in children with se-
vere asthma (Plotnick and Ducharme 1998). As for adults with status asthmati-
cus, therefore, the combination of ipratropium with an adrenergic agent is prob-
ably more effective than adrenergic monotherapy, particularly in severe exacer-
bations.

In stable paediatric asthma, the role of ipratropium is less clear. Two consen-
sus reports reviewed the evidence, which is limited, and concluded that ipratro-
pium was safe for the paediatric population, but its bronchodilator action was
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not as potent as that of an adrenergic agent (Warner et al. 1989; Hargreave et al.
1990).

There are reports of the use of ipratropium in other paediatric conditions
such as cystic fibrosis, viral bronchiolitis, exercise-induced bronchospasm and
bronchopulmonary dysplasia, but these provide only inconsistent evidence for
the benefit of ipratropium over alternative bronchodilators.

4.6
Stable COPD

The main role of anticholinergic agents is in the management of stable COPD,
in which a large number of studies have compared anticholinergic agents with
other bronchodilators (Thiessen and Petersen 1982; Passamonte and Martinez
1984). Although patients with COPD, as a group, do not usually respond as
much to any bronchodilator as do patients with asthma, most patients with this
diagnosis are capable of significant bronchodilation and many studies show that
an anticholinergic agent is a more potent bronchodilator than other agents in
COPD (Brown et al. 1984; Tashkin et al. 1986; Braun et al. 1989; Bleeker and Britt
1991). This generalization applies equally to short- and long-acting bron-
chodilators (Donohue et al. 2002). Large cumulative doses of an anticholinergic
agent alone achieve all the available bronchodilatation in the COPD population
(Gross and Skorodin 1984b), in which respect COPD patients contrast markedly
with asthmatic patients. In studies where bronchodilator responsiveness was
compared between patients with asthma and COPD who had similar baseline
airflows, patients with bronchitis had a better response to ipratropium than to
various adrenergic therapies, whereas asthmatics invariably responded better to
adrenergic agents (Lefcoe et al. 1982), Fig. 2. The reasons for this are unclear
but one speculates it may be related to the fact that airways obstruction in asth-
ma is due to numerous factors such as airway inflammation, mucosal oedema,
etc., that are at least partially modified by adrenergic agents but not by anti-
cholinergics. In COPD, the major reversible component is bronchomotor tone,
which is best inhibited by an anticholinergic agent.

Accordingly, ipratropium is currently recommended as first-line treatment
for maintenance therapy of stable COPD in almost all guidelines and statements
(American Thoracic Society 1995; Siafakis et al. 1995).

Apart from transient bronchodilation, anticholinergic agents have no proven
beneficial effects in COPD. A small increase in the baseline FEV,; was suggested
in a retrospective analysis of 7 large 3-month studies (Rennard et al. 1996); how-
ever, the 5-year. U.S. Lung Health Study found no discernible effect on the age-
related decline in lung function of smokers (Anthonisen et al. 1994). Some stud-
ies with tiotropium suggest that its long-term use may decrease the rate of de-
cline of FEV, (Casaburi et al 2002; Fig. 3), and further studies of this are in pro-
gress. For the present, anticholinergic agents should be regarded as providing
transient bronchodilation, i.e. “reliever effects”, but no long-term “controller”
effects.
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Fig. 2 Increase in forced expiratory volume in 1 s (FEV;) of 15 patients with asthma (left panel) and 15
patients with chronic bronchitis (right panel). Baseline FEV; was similar in both groups. P, placebo me-
tered dose inhaler (MDI); /, ipratropium 40 ug MDI; F+T, fenoterol 5 mg MDI plus oxtriphylline 400 mg
oral. (Reproduced from Lefcoe et al. 1982 with permission)
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Fig. 3 Mean response to tiotropium (triangles) or placebo (diamonds) on days 1 (continuous lines),
day 8 (short dashes), day 92 (alternating one long and one short dash), day 176 (alternating two short
dashes with long dash), and day 344 (long dashes). FEV; (forced expiratory volume in 1 s) is given in
litres. The SEM for the mean differences between groups ranged between 0.01-0.02 I. Note that the
elevation over baseline prior to drug administration on days subsequent to the first treatment day in
the tiotropium group is evidence of tiotropium 24-h duration of action. Note also that the pre-broncho-
dilator FEV; of the tiotropium subjects did not change between days 8 and 344, while those of the
placebo group declined by about 40 ml over the same period, suggesting (but not concluding) that
reqular tiotropium use may decrease the age-related decline in airflow in COPD. (Reproduced from Ca-
saburi et al. 2002 with permission)
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Other possibly beneficial aspects of long-term tiotropium use in COPD in-
clude improvements in quality of life (mainly due to improvement in the im-
pacts component) and improvement in the dyspnea scores (transitional dyspnea
index) (Casaburi et al. 2002; Donohue et al. 2002; Vincken et al. 2002; Tashkin
and Kesten 2003).

4.7
Effects on Sleep Quality

Sleep disturbance is common among patients with chronic bronchitis and asth-
ma, up to 41% of patients with obstructive airways disease reporting symptoms
of disturbed sleep (Klink and Quan 1987). In sleep studies, patients with COPD
frequently experience nocturnal oxygen desaturation which may be profound
during rapid eye movement (REM) sleep-stages, even in the absence of obstruc-
tive sleep apnoea (Douglas et al. 1998). It is not known if this contributes to the
development of pulmonary hypertension, polycythaemia or cardiac problems. A
randomized, double-blind study of patients with moderate-to-severe COPD
showed that ipratropium increased total sleep time, decreased the severity of
nocturnal desaturation, and improved perceptions of sleep quality (Martin et al.
1999).

4.8
Acute Exacerbations of COPD

Studies comparing the efficacy of bronchodilators in the management of acute
exacerbations of COPD have not shown a difference among adrenergic agents,
anticholinergic agents, or their combination (Rebuck et al. 1987; Karpel et al.
1990; Patrick et al. 1990; Koutsogiannis and Kelly 2000). Adrenergic agents
should be included in the management. Guidelines from the American Thoracic
Society, European Respiratory Society and British Thoracic Society recommend
combination therapy with both adrenergic and anticholinergic agents in the ini-
tial management of acute exacerbations of COPD (American Thoracic Society
1995; Siafakis et al. 1995; British Thoracic Society 1996).

Two recent studies suggest that regular use of tiotropium may reduce the fre-
quency of acute exacerbations of COPD by between 14%-24% (Casaburi et al.
2002; Vincken et al. 2002), an outcome that has not been consistently found with
other bronchodilators. If confirmed by longer-term studies, which are in pro-
gress, the potential impact of this on quality of life and savings in health care
costs would be substantial.

49
Combinations with Other Bronchodilators

The efficacy of combinations of different classes of bronchodilators has been
studied and found often to provide more bronchodilatation than single agents.



Anticholinergic Bronchodilators 47

Bearing in mind that the recommended doses of bronchodilators are rarely the
optimal doses, the effects of combinations of agents may simply be additive
rather than potentiating. Nonetheless, anticholinergic, adrenergic and methyl-
xanthine agents work by different mechanisms, have different pharmacokinetic
and pharmacodynamic properties, and affect different-sized airways. Their
combination is thus rational and is likely to result in improved bronchodilata-
tion. Unfavourable interactions among these classes of agents have not been re-
ported, so the greater bronchodilation resulting from their use in combination
is achieved without increasing the risk of side effects.

In practice, the use of two or even all of these agents simultaneously to man-
age severe airways obstruction is endorsed by all current Guidelines. Single
MDIs combining different classes of bronchodilators were used in the 1950s, but
fell out of favour. Since the early 1980s, combinations of ipratropium and the -
agonist fenoterol (Berodual and DuoVent) have been widely used in many coun-
tries but not marketed in the USA.

More recently, a combination MDI containing ipratropium and salbutamol
was developed (Combivent). For patients who need more than one bronchodila-
tor, a single MDI containing both agents has distinct advantages. It is less ex-
pensive than two separate MDIs as well as more convenient for patients to use
and is therefore likely to improve patient compliance. Clinical trials with this
combination in patients with stable COPD show that it has the rapid onset of
action of the S-adrenergic component, the slightly longer duration of the anti-
cholinergic component, plus the increased potency of the combination at inter-
mediate times, without any increase in side effects (Petty 1994; Ikeda et al.
1995). A post hoc review of 3-month trials involving 1,067 patients in the USA
concluded that the combination was cost-effective (Friedman et al. 1999). A
nebulizer formulation of this combination (DuoNeb) showed similar clinical
benefits (Gross et al. 1999).

5
Side Effects

Atropine has a very narrow therapeutic margin and produces numerous system-
ic side effects at or only slightly above the bronchodilating dose. There is no
place for its use as a bronchodilator in the current era. The principal advantage
of quaternary anticholinergic agents is that they are very poorly absorbed from
mucosal surfaces, so the risk of systemic side effects is quite small. Even mas-
sive, inadvertent overdosage of one such agent resulted in only trivial effects
(Gross and Skorodin 1985). Ipratropium, the most widely studied quaternary
anticholinergic, has very few systemic atropine-like side effects (Gross 1988). It
can, for example, be given to patients with narrow-angle glaucoma without af-
fecting intraocular tension (Watson et al. 1994), provided care is taken to avoid
spraying it directly into the eye. It has negligible effects on urinary flow in older
men. Nor does it alter the viscosity or elasticity of respiratory mucus, or mu-
cociliary clearance, as does atropine (Pavia et al. 1979). It has only trivial effects
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on ventilation, haemodynamics (Tobin et al. 1984), and the pulmonary circula-
tion (Chapman et al. 1985). Nor do quaternary anticholinergic agents carry the
risk of worsening hypoxaemia, as do adrenergic agents (Gross and Bankwala
1987; Ashotosh et al. 1995; Khoukhaz and Gross 1999)—a potentially important
consideration in exacerbations of airways obstruction.

In research studies, the only side effects that occurred more commonly with
ipratropium than with placebo were dry mouth and, sometimes, a brief cough-
ing spell. Neither effect resulted in patient withdrawal from the studies. Para-
doxical bronchoconstriction has been reported with ipratropium in about 0.3%
of patients and has been variously attributed to hypotonicity of the nebulized
solution, idiosyncrasy to the bromine radical, and idiosyncrasy to the benzalko-
nium preservative (Boucher et al. 1992; Beasley et al. 1998). This rare side effect,
which has also occurred with oxitropium, warrants withdrawal of the drug from
that patient. Other than these, extensive clinical investigation and the worldwide
use of ipratropium for over two decades demonstrate a remarkably low inci-
dence of untoward reactions.

The safety profile of tiotropium appears to be very similar to that of ipratro-
pium (Hvizdos and Goa 2002), although, having only been introduced for gen-
eral use in 2002, experience with tiotropium is not as great.

6
Clinical Recommendations

Current guidelines recommend ipratropium as first-line therapy in the long-
term management of stable COPD in which condition it was probably the most
efficacious single bronchodilator before the availability of tiotropium. Because
of its slow onset of action it is best used on a regular, maintenance basis, rather
than as needed. The conventional dose of ipratropium, two 20-ug pulffs, is prob-
ably suboptimal for many patients with COPD (Gross et al. 1989) and can safely
be doubled or quadrupled (Leak and O’Connor 1988). The double-strength for-
mulation (Atrovent forte), available in many countries, is preferable.
Tiotropium has become available in many countries since the current guide-
lines were published, so consensus on its role in COPD has not been established.
One’s expectation is that tiotropium will soon be regarded as the first-line ther-
apy for patients with COPD of all but the mildest degrees of COPD.
Combinations of ipratropium with salbutamol, Combivent MDI or DuoNeb
nebulized solution, are appropriate for patients with COPD who require more
than one bronchodilator agent.
Anticholinergic agents can and probably should be used in combination with
adrenergic agents in the treatment of acute exacerbations of COPD.
Anticholinergic agents are sometimes useful in stable asthma as adjuncts to
other bronchodilator therapy, and have a demonstrated role in combination
with adrenergic agents in the treatment of acute severe asthma (status asthmati-
cus).
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Abstract Theophylline has now been in clinical use, most notably in the treat-
ment of respiratory disease, for more than a century. Traditionally classified as a
bronchodilator drug, it is becoming increasingly apparent that theophylline has
a range of other pharmacological effects of potential therapeutic value in the
treatment of respiratory diseases. Anti-inflammatory and immunomodulatory
actions of theophylline have been observed both in the laboratory with respect
to inflammatory cell function and in the clinic in patient populations suffering
with a range of respiratory diseases. Many of the biological effects of theophyl-
line have been suggested to occur via an inhibitory effect on the phosphodies-
terase (PDE) family of enzymes; however, studies have also shown theophylline
to antagonise adenosine receptors, inhibit NF-xB, a transcription factor impor-
tant in regulation of inflammatory cell cytokine activity, inhibit interleukin
(IL)-5 or granulocyte-macrophage colony-stimulating factor (GM-CSF)-induced
eosinophil survival, enhance histone deacetylase (HDAC) activity and affect lip-
id kinase and protein kinase activities in inflammatory cells. Research will no
doubt continue in order to elucidate these mechanisms in an attempt to produce
a theophylline-type drug with greater selectivity and higher therapeutic index,
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which in turn may lead to improved patient compliance and greater control of
airway inflammation.

Keywords Theophylline - Phosphodiesterase (PDE) - Anti-inflammatory -
Bronchodilator - Immunomodulatory - Asthma - COPD

1
Background

Theophylline has now been in clinical use for more than a century, although it
is only during the last 50 years that this drug has been in regular use for the
treatment of respiratory diseases. In 1886, Henry Hyde Salter described the effi-
cacious use of strong coffee taken on an empty stomach as a treatment for asth-
ma (Persson et al. 1991). The principal agent in coffee producing this effect was
the methylxanthine caffeine. Theophylline has a similar chemical structure to
caffeine and was first used in the treatment of asthma as early as 1922, when it
was found to be effective in the treatment of three asthmatic subjects (Becker et
al. 1984). In 1937, theophylline was administered i.v. for the treatment of acute
asthma, and in 1940 theophylline was first used orally in combination with
ephedrine. There are now many studies in the literature describing the effects of
theophylline in the treatment of both asthma (Weinberger et al. 1996) and COPD
(Ashutosh et al. 1997). Theophylline continues to be used in various slow-release
formulations to overcome rapid metabolism and to maintain constant plasma
levels. However, over the last decade the number of prescriptions being written
for theophylline has continued to decline as newer medications with an im-
proved safety record have been introduced for the treatment of respiratory dis-
ease. This decline has mainly come about due to concerns raised over the nar-
row therapeutic window of theophylline, which has typically been classified as
being 10-20 pg/ml in plasma (Weinberger et al. 1996), although this has recently
been revised to 5-15 ug/ml in plasma to reflect recent work with lower doses of
theophylline (Jarjour et al. 1998).

Whilst theophylline has traditionally been classified as a bronchodilator
drug, it is becoming increasingly apparent that this drug has a range of other
pharmacological effects of potential therapeutic value in the treatment of respi-
ratory diseases (Spina et al. 1998a) that occur independently of the bronchodila-
tor actions, including anti-inflammatory, immunomodulatory actions (Ward et
al. 1993; Kidney et al. 1995) and increased respiratory drive (Ashutosh et al.
1997). These effects often occur at plasma levels below 10 ug/ml, suggesting that
lower levels of theophylline than have previously been used to obtain broncho-
dilation may be of benefit in the treatment of lung diseases, thus reducing the
side effect profile and improving the safety margin of this drug. Indeed, these
actions have caused the recommended therapeutic window to be reduced to
5-15 pg/ml in plasma in many countries.

A number of studies have reported that i.v. administration of theophylline or
the related xanthine enprofylline prior to allergen challenge can inhibit the de-
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velopment of the late asthmatic response without any significant effect on the
acute bronchoconstrictor response (Pauwels et al. 1985; Crescioli et al. 1991;
Ward et al. 1993; Hendeles et al. 1995) or associated bronchial hyperresponsive-
ness to methacholine (Cockcroft et al. 1989). Thus, neither functional antago-
nism of airway smooth muscle shortening nor inhibition of mast cell degranula-
tion accounted for the attenuated late asthmatic response caused by theophyl-
line or enprofylline, although, in allergic rhinitis, 1 week treatment with theoph-
ylline reduced histamine release during pollen exposure (Naclerio et al. 1986),
which indicated that either (1) theophylline inhibited mast cell or basophil de-
granulation in this disorder or (2) reduced the number of mast cells as has been
shown with glucocorticosteroids (Mygind 1993).

Individuals exposed for long periods of time to certain industrial chemicals
develop asthma-like symptoms that can be duplicated in the clinical laboratory
following aerosol challenge with the inciting agent. For example, susceptible in-
dividuals demonstrate acute bronchospasm, late asthmatic responses and bron-
chial hyperresponsiveness following inhalation of toluene di-isocyanate (TDI)
(Mapp et al. 1987). The inflammatory nature of this response has been con-
firmed by its sensitivity to inhibition by the glucocorticosteroid beclometha-
sone. Theophylline partially modified the acute response and attenuated the late
asthmatic response induced by TDI but was ineffective against bronchial hyper-
responsiveness (Mapp et al. 1987; Crescioli et al. 1991). This latter finding is
consistent with the inability of theophylline to modulate allergen-induced bron-
chial hyperresponsiveness in asthmatics (Cockcroft et al. 1989; Ward et al.
1993).

The late asthmatic response to allergen is known to be accompanied by an
influx of inflammatory cells into the airways (De Monchy et al. 1985) and this
allergen-induced infiltration of activated eosinophils into the airways (assessed
as the total number of eosinophils and as an increase in the number of EG,+
eosinophils in biopsies) was also reduced significantly by 6 weeks of treatment
with theophylline (Sullivan et al. 1994), an effect that occurred at plasma levels
well below the 10-20 pg/ml plasma levels required for bronchodilation (mean
plasma levels of 6.7 ug/ml). More recent clinical studies have confirmed these
anti-inflammatory properties of theophylline in patients with asthma. In two
randomised, placebo controlled studies (Ward et al. 1993; Hendeles et al. 1995),
the effect of theophylline or placebo was investigated on various inflammatory
indices following once and twice daily treatment for 1 and 5 weeks respectively.
The late asthmatic response was reduced in those subjects treated with theoph-
ylline after 5 weeks (Ward et al. 1993) despite a mean plasma concentration of
only 7.8 ug/ml. The lack of effect of theophylline on the acute response is pre-
sumably due to the low plasma levels in these subjects. Inhibition of the late
asthmatic response, therefore, was unlikely to be due to functional antagonism
of airway smooth muscle shortening or inhibition of mast cell degranulation
(Ward et al. 1993). Similarly, various surrogate markers of nasal inflammation
in response to allergen challenge, including the late phase response and the ac-
cumulation/activation of eosinophils in the nose, was significantly attenuated in
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allergic rhinitis subjects following chronic treatment with theophylline (Aubier
et al. 1998), again consistent with an anti-inflammatory rather than bron-
chodilatory property of this drug.

The mechanism whereby theophylline inhibits the recruitment of activated
eosinophils into the airways is not known, but several mechanisms have been
put forward to explain this observation. The first mechanism relates to an im-
munomodulatory action of theophylline whereby it is thought that the inhibito-
ry effect of theophylline may be a consequence of a restoration of T suppressor
cell function, since it has long been recognised that theophylline can increase T
suppressor cell function (Limatibul et al. 1978; Shohat et al. 1983; Pardi et al.
1984; Zocchi et al. 1985; Scordamaglia et al. 1988), impair cellular immune re-
sponse in vitro (Fink et al. 1987), and inhibit graft rejection in vivo (Guillou et
al. 1984). Individuals who do not develop a late asthmatic response have been
shown to recruit a greater proportion of CD8"* (suppressor) than CD4* (helper)
T lymphocytes in bronchoalveolar lavage (BAL) fluid (Gonzalez et al. 1987). It is
recognised that T lymphocytes play a central role in the pathogenesis of allergic
asthma, in particular the orchestration of eosinophil migration into the airways,
via the release of cytokines such as interleukin (IL)-5 (Hamid et al. 1991). Regu-
lar treatment with theophylline has also been reported to inhibit allergen-in-
duced recruitment of T lymphocytes into the airway (Jaffar et al. 1996) and to
increase the number of suppressor CD8 cells in peripheral blood (Shohat et al.
1983; Fink et al. 1987; Ward et al. 1993). Furthermore, withdrawal of theophyl-
line from asthmatics has been shown to cause a significant increase in asthma
symptoms (Brenner et al. 1988; Kidney et al. 1995), which was associated with
an increase in T lymphocytes in the airways (Kidney et al. 1995), an im-
munomodulatory effect that again occurred at plasma levels below 10 pg/ml.
Regular treatment with theophylline has also been reported to reduce the num-
ber of inflammatory cells expressing IL-4 in the airway (Finnerty et al. 1996)
and to induce the production of IL-10 from peripheral blood mononuclear cells
obtained from asthmatics (Mascali et al. 1996), an observation of considerable
interest as IL-10 can shorten eosinophil survival (Punnonen et al. 1993) and in-
duce tolerance in T cells (Enk et al. 1993).

Another suggested mechanism of action of theophylline that occurs at clini-
cally relevant concentrations is the ability of theophylline to alter eosinophil sur-
vival. A number of cytokines, including IL-5 have been shown to prolong eosi-
nophil survival (Yamaguchi et al. 1988). Theophylline has been shown to inhibit
IL-5-mediated survival of human eosinophils and to accelerate apoptosis, again
at concentrations below 10 pg/ml (Yasui et al. 1997). Analysis of bronchial biop-
sies taken from mild asthmatics treated with low-dose theophylline over 6 weeks
revealed a significant reduction in EG2* staining cells (activated eosinophils)
and in the total number of eosinophils (Sullivan et al. 1994), which may be a
consequence of the ability of theophylline to induce apoptosis of human eosino-
phils in this way (Yasui et al. 1997; Ohta et al. 1999). Similarly, a reduction in
CD3* T lymphocytes and expression of various activation markers on CD4* T
lymphocytes including HLA-DR and VLA-1 was observed in BAL fluid (Jaffar et
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al. 1996). Furthermore, a reduction in CD4*, CD8* T lymphocytes and IL-4-
and IL-5-containing cells was observed in bronchial biopsies from asthmatics
who were taking theophylline over a 6-week period (Finnerty et al. 1996) and a
fall in circulating levels of T helper (Th)2 cytokines, IL-4 and IL-5, was observed
after a single low dose of theophylline (Kosmas et al. 1999).

Regular theophylline treatment has also been demonstrated to produce anti-
inflammatory activity in patients having natural exacerbations of their asthma,
in the form of nocturnal asthma. Theophylline treatment significantly improved
the overnight deterioration in lung function associated with nocturnal asthma
compared with placebo treatment (Kraft et al. 1996b), a finding consistent with
previous studies using theophylline for the treatment of asthma (D’Alonzo et al.
1990). Theophylline also inhibited the ability of neutrophils to migrate into the
airways of patients undergoing nocturnal attacks of asthma (Kraft et al. 1996b),
associated with a reduction in the ability of polymorphonuclear neutrophils
(PMNs) to release leukotriene B4 (LTB4). This work not only extends the anti-
inflammatory actions of theophylline, but also supports earlier work that regu-
lar treatment with theophylline can reduce PMN activation (Nielson et al. 1986;
Nielson et al. 1988) in addition to the actions of theophylline on eosinophils and
lymphocytes discussed above. Theophylline treatment has also been reported to
reduce the steepness of methacholine dose-response curves in asthmatics ver-
sus placebo treatment (Magnussen et al. 1987; Page et al. 1998), a change also
seen with glucocorticosteroids (Bel et al. 1991a), but not with B; agonists (Bel et
al. 1991b), which actually steepen the curve. Again, such observations would
suggest that theophylline behaves more like an anti-inflammatory drug than a
bronchodilator.

The clinical relevance of these anti-inflammatory actions of theophylline is
now being evaluated and a number of recent clinical studies lend weight to the
suggestion that such activities may offer clinical benefit. Two separate studies
have demonstrated that in asthmatics who were poorly controlled on existing
glucocorticosteroid therapy, a significant improvement in a number of clinical
outcomes including peak expiratory flow, forced expiratory volume in 1 s
(FEV,), and symptom scores; and reduced rescue medication was observed
when patients were taking theophylline together with low-dose glucocorticos-
teroid compared with high-dose glucocorticosteroid treatment (Evans et al.
1997; Ukena et al. 1997). In both studies, the plasma levels of theophylline
measured were unlikely to be sufficient to induce bronchodilation [median
7.8 ug/ml (Evans et al. 1997) and mean 10.1 ug/ml (Ukena et al. 1997)]. In other
studies, withdrawing theophylline from asthmatics who continued taking gluco-
corticosteroids resulted in a significant deterioration of their disease (Brenner
et al. 1988; Kidney et al. 1995), together with a concomitant rise in the number
of CD4" and CD8* T lymphocytes in bronchial biopsies (Kidney et al. 1995).
These results suggest that theophylline may offer additional benefit to glucocor-
ticosteroids as has been previously suggested from other clinical studies by
the use of different types of protocol (Kidney et al. 1995; Rivington et al. 1995;
Ukena et al. 1997).
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Other studies in paediatric asthma have shown that there is a clear effect of
theophylline in the treatment of asthma that is comparable to low doses of glu-
cocorticosteroids (Tinkelman et al. 1993). This observation is of particular in-
terest given that theophylline is an orally active drug and has been shown to
have a better compliance rate than inhaled medications (Kelloway et al. 1994),
which is particularly relevant to the treatment of asthmatic children. Given the
relatively low cost of theophylline in comparison to other anti-asthma medica-
tions (Barnes et al. 1996) and the fact that it is still one of the few drugs avail-
able for use orally in the treatment of this common disease, the growing body of
evidence suggesting that theophylline has anti-inflammatory and immunomod-
ulatory efficacy at lower than conventional plasma levels suggests that it is time-
ly to reconsider the wider use of theophylline in the overall management of
asthma (Barnes and Pauwels 1994).

Chronic obstructive pulmonary disease (COPD), a clinical condition charac-
terised by progressive, irreversible airflow limitation, is a major cause of mor-
bidity and mortality worldwide. COPD has been described as chronic airflow
obstruction due to a mixture of emphysema and peripheral airway obstruction
from chronic bronchitis (Barnes 2000). This is reflected by a reduction in maxi-
mum expiratory flow and slow forced emptying of the lungs. Extensive pulmo-
nary damage occurs before the patient is aware of symptoms, such as exertional
dyspnoea, due to the slowly progressive nature of airflow obstruction and vari-
ous coping manoeuvres (Barnes 2000). There have been relatively few develop-
ments in the management of COPD despite the significant advances in asthma
treatment in recent years. Smoking cessation appears to be the only strategy
that reduces the relentless decline in lung function observed in COPD; however,
theophylline has been widely used in the management of COPD for many years,
although it is considered to be a third-line agent after the use of 3,-agonists and
anticholinergics (ZuWallack et al. 2001).

A range of clinical studies have demonstrated the ability of theophylline to
reduce symptoms, increase lung function and improve diaphragmatic muscle
function in COPD patients. There are a number of reports of meaningful symp-
tomatic responses in patients treated with bronchodilators or theophylline, even
in the absence of significant changes in FEV, and forced vital capacity (FVC)
(Mabhler et al. 1985; Wolkove et al. 1989; Hay et al. 1992). Studies measuring dys-
pnea, wheezing, cough, sputum, walking and other general feelings of wellbeing
have reported modest to significant improvements in dyspnea (Dullinger et al.
1986; Guyatt et al. 1987; Chrystyn et al. 1988) and improvements in both wheez-
ing and shortness of breath with theophylline (Marvin et al. 1983; Thomas et al.
1992).

Various mechanisms have been proposed to explain how theophylline could
improve symptoms and reduce breathlessness in patients with COPD. An inves-
tigation of the effects of theophylline in 33 patients with stable COPD at a dose
which resulted in serum concentrations of 15-20 mg/l showed a minor increase
in FEV; (13%-130 mls), but a significant 64% decrease in trapped gas volume
(from 1.841to0 0.67 1) (Chrystyn et al. 1988). These results suggest that improve-
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ments in lung function observed with theophylline may be due to dilatation of
the small airways with a consequent reduction in gas trapping. A fall in trapped
gas volume, thus functional residual capacity (FRC), is likely to improve the me-
chanical advantage of the diaphragm and chest wall muscles which may explain
many of the observed effects of theophylline on respiratory muscles (Murciano
et al. 1984). Theophylline has also been demonstrated to increase the pressure
generated by respiratory muscles (Umut et al. 1992) and increase diaphragmatic
strength (Kongragunta et al. 1988). Its effect has been shown to be greater in
fatigued diaphragm (Murciano et al. 1984; Aubier 1986) and in one study,
theophylline was observed to increase transdiaphragmatic pressure by 16%,
an increase that persisted even after 30 days of treatment with theophylline
(Murciano et al. 1984). In therapeutic doses, theophylline is known to increase
respiratory drive, independent of its effect on lung function (Ashutosh et al.
1997) and increase respiratory muscle function in both normal (Sherman et al.
1996) and COPD subjects (Umut et al. 1992), an effect detected by measuring
increases in maximal inspiratory and expiratory pressures. One trial demon-
strated an improvement in respiratory muscle performance as indicated by a
decline in the ratio of inspiratory plural pressure during quiet breathing to the
maximal pleural pressure (Murciano et al. 1989), suggesting theophylline re-
duces breathlessness by improving diaphragmatic contractility.

In many cases respiratory rate is increased in COPD and this may be ob-
served in conjunction with shallow breathing that is further pronounced by car-
bon dioxide retention. It is known that theophylline improves minute ventilation
in humans (Darnall-Jr 1995) and also alters the ventilatory response in COPD,
detected as improved ventilatory capacity measured as increased VOpmay. This
ventilatory response leads to increased tidal volume and thus an improvement
in blood gas tensions. Both of changes could be related to a direct positive in-
otropic effect of theophylline on the respiratory muscles (Okubo et al. 1987;
Kongragunta et al. 1988; Landsberg et al. 1990; Marsh et al. 1993) or due to the
action of theophylline via a central stimulatory pathway (Cooper et al. 1987;
Javaheri et al. 1990).

A recent study has also shown a useful additive effect between theophylline
and long-acting f,-agonists. This is of interest, as patients with COPD often re-
quire multiple therapies to improve lung function and decrease symptoms and
exacerbations. Combination treatment with salmeterol and theophylline consis-
tently provided significantly greater improvements in pulmonary function, sig-
nificantly greater decreases in symptoms, dyspnea and albuterol use, and signif-
icantly fewer COPD exacerbations than treatment with either drug alone
(ZuWallack et al. 2001).

Unfortunately, theophylline has a relatively narrow therapeutic index and
many clinical trials have reported a number of adverse effects, even when serum
concentrations are within the “therapeutic range” of 10-20 mg/l. Nausea is most
commonly reported by significantly more patients treated with theophylline
compared with placebo, another more extreme and less common unwanted ef-
fect of theophylline in elderly patients with COPD is supraventricular arrhyth-
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mias (Levine 1985; Varriale et al. 1993); however, the benefits of theophylline
treatment in stable COPD have to be weighed against the risks of adverse ef-
fects.

Theophylline may also have anti-inflammatory effects in COPD. It is known
that chronic obstructive bronchitis is associated with structural narrowing of
bronchioles as a result of inflammatory changes represented by T lymphocytes
and macrophages (Thompson et al. 1989), while emphysema is due to enzymatic
destruction of alveolar walls with both macrophages and T lymphocytes, partic-
ularly CD8" cells, found to be prominent at sites of destruction (Finkelstein et
al. 1995). However, the cellular mechanisms of inflammation in COPD are poor-
ly understood. It is thought that cigarette smoke and other inhaled irritants ini-
tiate an inflammatory response in the peripheral airways by activating macro-
phages, causing the release of neutrophil chemotactic factors, cytokines, lipid
mediators (LTB,) and proteolytic enzymes, the levels of which correlate with the
number of neutrophils observed in bronchoalveolar lavage and in turn, with the
degree of airflow obstruction (Keatings et al. 1996). Neutrophils play an impor-
tant role in COPD through the release of neutrophil elastase and other proteases,
such as proteinase 3, cathepsin G and matrix metalloproteinases (MMPs). These
contribute to parenchymal destruction and, in the airways, stimulate mucus hy-
persecretion. Macrophage numbers are increased five- to tenfold in bronchoal-
veolar lavage fluid of patients with COPD and are concentrated in the centriaci-
nar zones where emphysema is most marked (Finkelstein et al. 1995). In a re-
cent study, 25 patients with COPD were treated for 4 weeks with low-dose the-
ophylline (plasma level 9-11 mg/l). Induced sputum inflammatory cells, neutro-
phils, IL-8, myeloperoxidase and lactoferrin were all significantly reduced by
theophylline, while neutrophils from subjects treated with theophylline showed
reduced chemotaxis (Culpitt et al. 2002). These data suggest that unlike corti-
costeroids, low-dose theophylline could reduce neutrophil recruitment and neu-
trophil-mediated damage in the airways. In this way, theophylline may prove
useful in the long-term management of COPD by significantly affecting the rate
of decline in lung function observed in patients.

2
The Effect of Theophylline on Inflammatory Cell Function

Given the clear indication that theophylline can act as an anti-inflammatory
drug clinically, the ability of theophylline to influence the function of inflamma-
tory cells will now be discussed.

2.1
Mast Cells and Basophils

Theophylline was the archetypal phosphodiesterase (PDE) inhibitor that could
lead to the elevation of cyclic adenosine monophosphate (cAMP) in cells, and it
has been recognised for over 25 years that cAMP-elevating drugs inhibit mast
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cell degranulation (Lichtenstein et al. 1968; Orange et al. 1971). The suppression
of mast cell and basophil degranulation in response to different stimuli by a
range of non-selective PDE inhibitors has been well documented in rodents and
man (Frossard et al. 1981; Pearce et al. 1982; Louis et al. 1990, 1992; Peachell et
al. 1992). Isobutylmethylxanthine (IBMX) decreases basophil histamine release
induced by platelet-activating factor (PAF) (Columbo et al. 1993), and theophyl-
line, enprophylline and IBMX have been shown to inhibit (1) anti-IgE-induced
histamine release by both human lung mast cells and basophils (Peachell et al.
1988, 1992; Weston et al. 1997) and (2) cytokine release in human basophils
(Shichijo et al. 1997), although whether this occurs in vivo at clinically relevant
concentrations is still a matter of debate (Ward et al. 1993).

2.2
Neutrophil

Theophylline has been shown to inhibit phagocytosis of latex particles (Bessler
et al. 1986), superoxide anion production (Bessler et al. 1986; Nielson et al.
1986; Carletto et al. 1997; Yasui et al. 2000b), chemotaxis (Rivkin et al. 1977;
Harvath et al. 1991; Ferretti et al. 1994; Elferink et al. 1997; Yasui et al. 2000b),
aggregation (Schmeichel et al. 1987), adhesion (Franzini et al. 1995), PAF-in-
duced CD11b upregulation and L-selectin shedding (Spoelstra et al. 1998), de-
granulation (Schmeichel et al. 1987; Paul et al. 1995; Jones et al. 2001), apoptosis
(Yasui et al. 1997), and PAF biosynthesis in neutrophils (Fonteh et al. 1993). It is
thought that the effects of theophylline on neutrophil function were associated
with an increase in the level of intracellular cAMP, as similar effects are ob-
served with respect to neutrophil adhesion (Bloemen et al. 1997; Derian et al.
1995), chemotaxis (Harvath et al. 1991), apoptosis (Rossi et al. 1995; Yasui et al.
1997; Ottonello et al. 1998; Niwa et al. 1999), superoxide anion production, and
degranulation (Nourshargh et al. 1986) when cAMP analogues or cAMP-elevat-
ing agents are applied. These observations are of interest clinically since regular
theophylline treatment in patients with either COPD or asthma can influence
PMN effects (Kraft et al. 1996a; Culpitt et al. 2002).

23
Eosinophil

Theophylline (Griswold et al. 1993) inhibits zymosan-induced superoxide anion
generation by guinea-pig eosinophils and will also inhibit the C5a-stimulated
formation of reactive oxygen species in intact human eosinophils (Hatzelmann
et al. 1995; Yasui et al. 2000b). Interestingly, low doses of theophylline augment-
ed superoxide anion generation secondary to adenosine (A2)-receptor antago-
nism (Griswold et al. 1993). Theophylline has also been observed to decrease
the viability of eosinophils in culture (Hossain et al. 1994), attenuate Ig-induced
(Kita et al. 1991) and C5a-induced secretion of cationic proteins (Hatzelmann et
al. 1995), inhibit PAF and C5a-induced release of LTC, (Tenor et al. 1996), re-
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duce granulocyte-macrophage colony-stimulating factor (GM-CSF) and IL-8 re-
lease in response to slgA-coated beads (Shute et al. 1998) and suppress PAF-in-
duced upregulation of Mac-1 (Sagara et al. 1996). Theophylline also inhibits
PAF- and C5a-induced chemotaxis of eosinophils (Tenor et al. 1996), an effect
that was substantially reversed by addition of Rp-cAMPs, which in turn suggests
protein kinase A (PKA) dependence and is thus likely to occur via a PDE inhib-
itory mechanism. Suppression of eosinophil chemotaxis in vitro by PDE in-
hibitors may be due to inhibition of adhesion molecule expression as theophyl-
line has been seen to inhibit PAF-induced CD11b upregulation on the eosinophil
cell surface (Momose et al. 1998). Such observations may account for the ability
of theophylline to inhibit the recruitment and activation of eosinophils in airway
tissues clinically (Sullivan et al. 1994; Aubier et al. 1998).

24
T Lymphocyte

Cyclic AMP-elevating agents can modulate development, proliferation, cytokine
generation, expression of cytokine receptors, chemotaxis and antibody produc-
tion in T lymphocytes (Kammer 1988; Scherer et al. 1994; van der Pouw et al.
1995; Hidi et al. 2000). It is perhaps not surprising, therefore, that theophylline
has been shown to inhibit lymphocyte proliferation in response to a variety of
stimuli, including phytohemagglutinin (PHA) and anti-CD3 (Scordamaglia et al.
1988; Crocker et al. 1996; Banner et al. 1997a; Banner et al. 1999; Landells et al.
2000a), which may be secondary to inhibition of IL-2 synthesis (Mary et al.
1987; Scordamaglia et al. 1988) and downregulation of IL-2 receptor expression
(Hancock et al. 1988). Theophylline has also been observed to inhibit PAF- or
IL-8-induced human T lymphocyte chemotaxis in vitro (Hidi et al. 2000), lym-
phocyte migration through human endothelium—an effect thought to be medi-
ated via inhibition of lymphocyte motility (Lidington et al. 1996)—and the re-
lease of both IL-4 and IL-5 by PMA- and anti-CD3 stimulated Th2 cells (Crocker
et al. 1996). Furthermore, it has been suggested that theophylline may stimulate
a subpopulation of T lymphocytes with suppressor cell activity (Zocchi et al.
1985). These observations perhaps explain the ability of theophylline to influ-
ence T cell effects in vivo, including in patients with pulmonary disease (Jaffar
et al. 1996).

25
Monocytes

In human monocytes, theophylline, will inhibit the release of arachidonic acid
(Hichami et al. 1995), superoxide anion generation (Elliott et al. 1989), tumour
necrosis factor (TNF)-a production at the level of gene transcription (Endres et
al. 1991; Spatafora et al. 1994; Verghese et al. 1995; Souness et al. 1996; Landells
et al. 2000b), complement component C2 (Lappin et al. 1984), phagocytosis
(Bessler et al. 1986), IL-2R expression (Hancock et al. 1988), production of IL-12
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(van der Pouw et al. 1995) and the generation of LTB, (Jeurgens et al. 1993).
Theophylline has also been reported to prevent adherence-dependent expression
of platelet-derived growth factor (PDGF) mRNA (Kotecha et al. 1994) and fa-
cilitate the production of IL-10 (Platzer et al. 1995; van der Pouw et al. 1995).
Some studies have demonstrated that non-selective phosphodiesterase in-
hibitors and cAMP-elevating drugs have either no effect (Endres et al. 1991), in-
hibited (Knudsen et al. 1986) or enhanced (Kassis et al. 1989; Sung et al. 1991;
Lorenz et al. 1995) IL-1 production in monocytes. These discrepancies may be
accounted for by a number of observations. First, cAMP inhibited the release
but had no effect on the intracellular concentration of IL-18 in monocytes
(Viherluoto et al. 1991; Verghese et al. 1995). Second, the inhibition of IL-1 pro-
duction by methylxanthines is not due to a reduction in the level of IL-1 mRNA
but to a reduction in IL-1 activity (Knudsen et al. 1986).

2.6
Macrophages

Functional studies have shown that elevation of intracellular cAMP via inhibi-
tion of PDE can also affect the inflammatory response of macrophages. Theoph-
ylline and enprofylline inhibited lipoprotein lipase activity, a consequence of re-
duced synthesis and increased lysosomal acid hydrolase activity in human
monocyte-derived macrophages (Gardette et al. 1987). Furthermore, these drugs
inhibited TNF-a release from alveolar macrophages (Spatafora et al. 1994), su-
peroxide anion production from guinea-pig (Turner et al. 1993) and rat (Lim et
al. 1983) peritoneal and human alveolar macrophages, respectively (Baker et al.
1992), and to a lesser extent, attenuated thromboxane (TXB), release from hu-
man alveolar macrophages (Baker et al. 1992). Theophylline was also observed
to suppress human alveolar macrophage respiratory burst, an effect reversed by
PKA inhibition, suggesting that the functional effect observed here was mediat-
ed through elevation of cAMP as a result of PDE inhibition.

3
Mechanism of Action of Theophylline

Many of the biological effects of theophylline have been suggested to be via an
inhibitory effect on the PDE family of enzymes (Barnes et al. 1994; Spina et al.
1998b). However, the effect of theophylline on apoptosis of eosinophils was not
shared by the selective PDE4 inhibitor rolipram, suggesting that this anti-in-
flammatory effect of theophylline may not be via inhibition of PDE4 (Yasui et
al. 1997). This observation supports other work carried out in mononuclear
cells obtained from asthmatics where theophylline was able to inhibit mononu-
clear cell proliferation via mechanisms distinct from selective PDE4 inhibitors
(Banner et al. 1997b) and data with the related xanthine, pentoxifylline, showing
that this drug can inhibit proliferation of fibroblasts via a mechanism unrelated
to cCAMP generation (Peterson et al. 1998). In the clinic, theophylline is able to
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exert therapeutic effects at serum levels of less than 10 mg/l; however, it has
been observed that serum levels of 10 mg/l have a negligible effect on cAMP hy-
drolysis in vivo (Giembycz 2000).These data suggest that some or all of theoph-
ylline’s anti-inflammatory effects occur via mechanisms independent of PDE in-
hibition, a hypothesis supported by the anti-inflammatory effect observed in
patients with asthma of alkyl-xanthine structures devoid of adenosine or PDE
receptor affinity. Arofylline is a relatively weak PDE4 inhibitor currently in
phase 3 clinical trials for the treatment of pulmonary disease that displays
an anti-inflammatory effect equivalent to that of the PDE4 inhibitor rolipram
(Ferrer et al. 1997).

Another prominent action of theophylline is the ability of this drug to antag-
onise adenosine receptors (Persson et al. 1989). However, for more than a dec-
ade this suggestion was questioned as the related drug enprofylline had similar
effects to theophylline clinically (Pauwels et al. 1985), yet was claimed to lack
adenosine receptor antagonism (Persson et al. 1989). However, studies have now
reported that enprofylline can act as a selective Ay, receptor antagonist on hu-
man mast cells (Feoktistov et al. 1995), a property shared by theophylline, which
has been suggested to be of potential importance for the clinical activities of
theophylline (Feoktistov et al. 1998). However, other studies have shown that
whilst asthmatics are very sensitive to inhaled adenosine (Cushley et al. 1983),
an effect that is blocked by theophylline (Cushley et al. 1984; Mann et al. 1985),
there is no evidence to date that this effect is mediated via activation of Ay, re-
ceptors. Rather, there is evidence from experimental animals and man that it is
the A, receptor that is upregulated as a result of allergic sensitisation (Bjorck et
al. 1992; Ali et al. 1994; el Hashim et al. 1996), an observation supported by the
study of Nyce and Metzger (Nyce et al. 1997) that an anti-sense oligonucleutide
to A, receptors blocks allergen-reduced eosinophilia and allergen-induced bron-
chial hyperresponsiveness in allergic rabbits. In more recent studies it has been
suggested that theophylline has an immunomodulatory effect on neutrophil ap-
optosis through A,, receptor antagonism at relevant therapeutic concentrations
(Yasui et al. 2000a). In contrast to this, inhibition by theophylline of comple-
ment C5a-induced degranulation of human eosinophils was significantly re-
versed by the selective A; antagonist MRS 1220, but not A; or A, antagonists,
suggesting that therapeutic concentrations of theophylline inhibit human eosi-
nophil degranulation by acting as an As) agonist (Ezeamuzie 2001). Conversely,
a study investigating the anti-proliferative effects of theophylline on human pe-
ripheral blood mixed mononuclear cells (HPBMC) in vitro showed that theoph-
ylline was only capable of reducing proliferation at higher concentrations than
are required to significantly antagonise Aj, receptors (Landells et al. 2000a).
This study also demonstrated that exogenous or endogenous adenosine has little
impact on HPBMC proliferation, as neither adenosine receptor agonists, antago-
nists nor adenosine deaminase had a significant effect on the proliferation of
HPBMC from either healthy or asthmatic subjects (Landells et al. 2000a). Whilst
it remains plausible that adenosine may be involved in a number of anti-inflam-
matory functions, which can also be modulated by theophylline, results such as
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these suggest the anti-inflammatory effects of theophylline to be mediated
through mechanisms other than adenosine antagonism.

One interesting observation concerning the potential mechanisms of action
of theophylline is the apparent ability of theophylline to inhibit the activation of
the transcription factor nuclear factor-«B (NF-xB), in human mast cells at con-
centrations of 6-18 mg/l (Coward et al. 1998). NF-xB is a transcription factor
that, when activated, stimulates transcription of TNF-a, GM-CSF and IL-8 in a
variety of cell types. NF-xB is a member of a group of DNA-binding proteins
that are a target of activated glucocorticoid receptors and control the transcrip-
tion of numerous inflammatory mediators. This is a particularly relevant find-
ing as the binding of NF-«B to its consensus DNA-binding site is two- to three-
fold higher in the sputum of patients with asthma when compared to the spu-
tum of healthy subjects (Hart et al. 1998) and increased activation of NF-xB has
been observed in alveolar macrophages from patients with COPD (Di Stefano et
al. 2002). Also, high levels of TNF-a, the transcription of which is stimulated
upon activation of NF-xB, are observed both in the circulation and in induced
sputum of COPD patients and thought to play a major role in the characteristic
inflammation and accompanying weight loss exhibited in patients with this and
similar pulmonary diseases (Barnes 2003).

In inflammatory cells, acetylation of core histones by coactivator proteins,
such as cAMP-response element binding protein (CREB), facilitate transcription
of inflammatory genes (Imhof et al. 1998). This increased inflammatory gene
transcription can, in turn, be suppressed by proteins which possess histone
deacetylase (HDAC) activity (Ito et al. 2002a). In a recent study, low-dose the-
ophylline has been shown to enhance HDAC activity in epithelial cells and mac-
rophages, both in vitro and in vivo (Ito et al. 2002b). This potential anti-inflam-
matory mechanism of action of theophylline is of great interest as reduced
HDAC activity is observed in alveolar macrophages and peripheral lung tissue
of cigarette smokers and COPD patients (Ito et al. 2000, 2001). In COPD it ap-
pears that there is an active resistance to corticosteroids (Barnes 2003) and in
patients with mild to moderate asthma, the addition of low-dose theophylline to
ongoing inhaled corticosteroid therapy gives a greater improvement in asthma
control than that achieved by doubling the dose of inhaled corticosteroid (Evans
et al. 1997; Ukena et al. 1997; Lim et al. 2001). As the anti-inflammatory actions
of corticosteroids are mediated through the activated glucocorticoid receptor
recruiting corepressor proteins that have HDAC activity (Ito et al. 2001), the re-
duction in HDAC activity observed in COPD patients may prevent the anti-in-
flammatory action of corticosteroids in this condition (Barnes2003), while low-
dose theophylline may exert an anti-asthma effect through increasing activation
of HDAC which can be subsequently recruited by corticosteroids to suppress in-
flammatory genes, if both drugs are administered concomitantly (Ito et al.
2002b).

It has been recognised for more than 25 years that certain methylxanthines
have an inhibitory effect on phosphoinositide metabolism (Buckley 1977;
Honeyman et al. 1983; Steele et al. 1988; Cox et al. 1990), although up until re-
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cently the molecular basis of this effect had not been established. In a recent
study, theophylline was identified as a novel phosphoinositide (PI)-3-kinase in-
hibitor, with the ability to inhibit both class I and class II PI-3-kinase and the
potential for isoform selectivity towards p1105 (Foukas et al. 2002). The p110§
isoform of class IA PI-3-kinases is found in a limited sub population of cells
such as leukocytes and melanoma cells (Vanhaesebroeck et al. 1997) and a spe-
cific inhibitor of this isoform might prevent inflammation or cell migration
(Vanhaesebroeck et al. 1999). These novel inhibitory effects of theophylline oc-
cur within a physiologically achievable concentration range which suggest po-
tential therapeutic benefit in inflammatory conditions; however, long-term ad-
ministration could have adverse effects, as animals in which the p100§ gene is
deleted show reduced B and T cell function and also develop inflammatory bow-
el disease (Okkenhaug et al. 2002).

4
Conclusion

The anti-inflammatory effects of theophylline are well documented and in toler-
ant patients it is thus still the preferred long-term control medication for the
treatment of asthma or COPD. However, despite an increased knowledge of how
to best use theophylline clinically, the molecular mechanisms of action of the-
ophylline are still poorly understood and may occur through a range of actions
at different sites. These may include inhibition of phosphodiesterase enzymes,
antagonism of adenosine receptors, inhibition of NF-xB—a transcription factor
important in regulation of inflammatory cell cytokine activity—inhibition of
IL-5 or GM-CSF-induced eosinophil survival, enhancement of HDAC activity, or
effects on lipid kinase and protein kinase activities in inflammatory cells. Re-
search will continue to elucidate these mechanisms in an attempt to produce a
theophylline-type drug with greater selectivity and higher therapeutic index
which in turn, may lead to improved patient compliance and greater control of
airway inflammation.
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Abstract Corticosteroids are by far the most effective treatments currently
available for the treatment of asthma. Inhaled corticosteroids have revolu-
tionised the management of asthma and have been the most important advance
in therapy over the last 30 years. Initially, inhaled corticosteroids were intro-
duced to reduce the requirement for oral corticosteroids in patients with more
severe disease, but now their use has extended to patients with much milder dis-
ease, including children. This is in part because it is recognised that airway in-
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flammation is present even in patients with mild asthma when they may have
no symptoms, and in part because of their great safety at low doses. The molec-
ular mechanisms of corticosteroids are now much better understood, and it is
now known that corticosteroids suppress the increased expression of multiple
inflammatory genes that are over-expressed in asthmatic airways, accounting
for their clinical efficacy. The mechanism whereby corticosteroids switch off
multiple inflammatory genes appears to involve reversal of acetylation of core
histones, particularly through the recruitment of histone deacetylases. Inhaled
corticosteroids are now recommended as first-line treatment for all patients
(adults and children) with persistent asthma. The early use of inhaled steroids in
asthma has been shown to reduce symptoms, improve the quality of life of
patients, prevent exacerbations and reduce airway hyperresponsiveness. There is
increasing evidence that early use of inhaled corticosteroids may reduce the irre-
versible changes in airway function that occur in some patients with asthma.
Several studies now suggest that inhaled corticosteroids have a relatively flat
dose-response curve and that most benefit is achieved at rather low doses. In-
creasing the dose of inhaled corticosteroids has less benefit than adding another
class of drug, such as an inhaled long-acting f,-agonist or theophylline in pa-
tients not controlled on low doses of inhaled corticosteroids. Systemic side effects
are not an important issue when low doses of inhaled corticosteroids are used.
There is no evidence for growth suppression in children treated with low doses
of inhaled corticosteroids and no evidence for osteoporosis in adults. Some
patients with asthma are resistant or relatively resistant to the anti-inflammatory
effects of corticosteroids, and several molecular mechanisms for this steroid re-
sistance have been elucidated. Patients with chronic obstructive pulmonary dis-
ease (COPD) show a poor response to corticosteroids and there may be an active
resistance, due to impaired function of histone deacetylases. Several new corti-
costeroids are in development with the view of improving the therapeutic ratio.

Keywords Inflammation - Transcription factor « Histone acetylation - Steroid
resistance

1
Introduction

Corticosteroids are by far the most effective therapy currently available for asth-
ma, and improvement with corticosteroids is one of the hallmarks of asthma.
Inhaled corticosteroids have revolutionised asthma treatment and have become
the mainstay of therapy for patients with chronic disease (Barnes 1995, 1998b).
By contrast, corticosteroids are much less ineffective in chronic obstructive pul-
monary disease (COPD) (Barnes 2000a). We now have a much better under-
standing of the molecular mechanisms whereby corticosteroids suppress in-
flammation in asthma and why they may be ineffective in COPD and in rare pa-
tients with asthma who are resistant to corticosteroids. This chapter discusses
the current understanding of the mechanism of action of corticosteroids and
how corticosteroids are used in the management of airway diseases.
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2
Molecular Mechanisms

Corticosteroids are highly effective anti-inflammatory therapy in asthma, and
the molecular mechanisms involved in suppression of airway inflammation in
asthma are now better understood (Barnes 1998a, 2001). Corticosteroids are ef-
fective because they block many of the inflammatory pathways that are abnor-
mally activated in asthma and they have a wide spectrum of anti-inflammatory
actions.

2.1
Glucocorticoid Receptors

Corticosteroids cross the cell membrane and bind to glucocorticoid receptors
(GR) in the cytoplasm that are normally bound to chaperone proteins, such as
the 90-kDa heat shock protein (hsp90), that prevent nuclear localisation of the
receptor. There is a single gene encoding GR but several variants are now recog-
nised (Yudt and Cidlowski 2002). GRa binds corticosteroids, whereas GRS is an
alternatively spliced form that binds to DNA but is not activated by corticos-
teroids. GRS has been implicated in steroid-resistance in asthma (Leung et al.
1997), although whether GRS has any functional significance has been ques-
tioned (Hecht et al. 1997). GR is also subject to post-translational modification
by phosphorylation, nitration and ubiquitination, and this may lead to differen-
tial sensitivity to corticosteroids in different cell types. For example, there are a
number of serine/threonines in the N-terminal domain where GR may be phos-
phorylated by various kinases and this may change corticosteroid binding affin-
ity, nuclear import and export, receptor stability and trans-activating efficacy
(Bodwell et al. 1998).

Once corticosteroids bind to the N-terminal end of GR, conformational
changes in the receptor structure result in dissociation of molecular chaperone
molecules, thereby exposing nuclear localisation signals on GR. This results in
rapid transport of the activated GR-corticosteroid complex into the nucleus,
where it binds to DNA at specific glucocorticoid response elements in steroid-
responsive genes (Fig. 1). Two GR molecules bind to glucocorticoid recognition
element (GRE) sites as a dimer, resulting in changes in gene transcription. The
crystal structure of the GR ligand-binding domain has recently been determined
in the presence of dexamethasone (Bledsoe et al. 2002). This reveals a novel
dimerisation interface and a region that is important for coactivator binding.

22
Increased Gene Transcription

Corticosteroids produce their effect on responsive cells by activating GR to di-
rectly or indirectly regulate the transcription of target genes (Reichardt et al.
1998). The number of genes per cell directly regulated by corticosteroids is esti-
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Fig. 1 Classical model of corticosteroid action. Corticosteroids enter the cell and bind to cytoplasmic
glucocorticoid receptors (GR) that are complexed with two molecules of a 90-kDa heat shock protein
(hsp90). GR translocates to the nucleus where, as a dimer, it binds to a glucocorticoid recognition ele-
ments (GRE) on the 5’-upstream promoter sequence of steroid-responsive genes. GREs increase tran-
scription, whereas nGREs may decrease transcription, resulting in increased or decreased messenger
RNA (mRNA) and protein synthesis. An isoform of GR, GR-S, binds to DNA but is not activated by corti-
costeroids

mated to be between 10 and 100, but many genes are indirectly regulated
through an interaction with other transcription factors and coactivators. GR di-
mers bind to DNA at consensus GRE sites in the 5'-upstream promoter region
of steroid-responsive genes. Interaction of the activated GR homodimer with
GRE usually increases transcription, resulting in increased protein synthesis.
GR may increase transcription by interacting with coactivator molecules, such
as CREB-binding protein (CBP), thus switching on histone acetylation and gene
transcription. For example, relatively high concentrations of corticosteroids in-
crease the secretion of the antiprotease secretory leukoprotease inhibitor (SLPI)
from epithelial cells (Ito et al. 2000).

Gene transcription is regulated by acetylation of core histones and a change
in the structure of chromatin (Urnov and Wolffe 2001). The activation of genes
by corticosteroids is associated with a selective acetylation of lysine residues 5
and 16 on histone-4, resulting in increased gene transcription (Ito et al. 2000,
2001a) (Fig. 2). Activated GR may bind to coactivator molecules, such as CBP as
well as steroid-receptor coactivator-1 (SRC-1), which all have histone acetyl-
transferase (HAT) activity (Yao et al. 1996; Kurihara et al. 2002). However,
SRC-1 does not appear to be involved in nuclear factor (NF)-xB-activated HAT
activity (Ito et al. 2000), but it is likely that other similar p160 coactivator mole-
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Fig. 2 Effect of corticosteroids on chromatin structure. Transcription factors, such as STATs, AP-1 and
NF-xB bind to co-activator molecules, such as CREB-binding protein (CBP) or p300, which have intrinsic
histone acetyltransferase (HAT) activity, resulting in acetylation (Ac) of histone residues. This leads to
unwinding of DNA and this allows increased binding of transcription factors, resulting in increased gene
transcription. Glucocorticoid receptors (GR) after activation by corticosteroids bind to a glucocorticoid
receptor co-activator which is bound to CBP. This results in deacetylation of histone, with increased
coiling of DNA around histone, thus preventing transcription factor binding leading to gene repression

cules are involved. Corticosteroids may suppress inflammation by increasing
the synthesis of anti-inflammatory proteins, such as annexin-1, interleukin
(IL)-10 and the inhibitor of NF-xB, IxB-a. However, therapeutic doses of in-
haled corticosteroids have not been shown to increase annexin-1 concentrations
in bronchoalveolar lavage fluid (Hall et al. 1999) and an increase in IxB-a has
not been shown in most cell types, including epithelial cells (Heck et al. 1997;
Newton et al. 1998a). It seems highly unlikely that the widespread anti-inflam-
matory actions of corticosteroids could be explained by increased transcription
of small numbers of anti-inflammatory genes, particularly as high concentra-
tions of corticosteroids are usually required for this response, whereas in clini-
cal practice corticosteroids are able to suppress inflammation at much lower
concentrations.

Little is known about the molecular mechanisms of corticosteroid side ef-
fects, such as osteoporosis, growth retardation in children, skin fragility and
metabolic effects. The systemic side effects of corticosteroids may be due to
gene activation. Some insight into this has been provided by mutant GR which
do not dimerise and therefore cannot bind to GRE to switch on genes. In trans-
genic mice expressing these mutant GR, corticosteroids show no loss in their
anti-inflammatory effects and are able to suppress NF-xB-activated genes in the
normal way (Reichardt et al. 2001).
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23
Decreased Gene Transcription

In controlling inflammation, the major effect of corticosteroids is to inhibit the
synthesis of multiple inflammatory proteins through suppression of the genes
that encode them. This was originally believed to be through interaction of GR
with negative GREs, resulting in repression of transcription. However, negative
GREs have only very rarely been demonstrated and are not a feature of the pro-
moter region of the inflammatory genes that are suppressed by steroids in the
treatment of asthma. In patients with asthma, the increased expression of multi-
ple inflammatory genes includes those encoding cytokines, chemokines, adhe-
sion molecules, inflammatory enzymes and inflammatory receptors (Table 1).
Activated GRs have been shown to interact functionally with other activated
transcription factors. Most of the inflammatory genes that are activated in asth-
ma do not have GREs in their promoter regions, yet are potently repressed by
corticosteroids. There is persuasive evidence that corticosteroids inhibit the ef-
fects of pro-inflammatory transcription factors, such as AP-1 and NF-«B, that
regulate the expression of genes that code for inflammatory proteins, such as
cytokines, inflammatory enzymes, adhesion molecules and inflammatory recep-
tors (Barnes and Karin 1997; Barnes and Adcock 1998). The activated GR can
interact directly with activated transcription factors by protein-protein interac-
tion, but this may be a feature of transfected cells and over-expression, rather

Table 1 Effect of corticosteroids on gene transcription
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than a property of primary cells. Treatment of asthmatic patients with high dos-
es of inhaled corticosteroids that suppress airway inflammation is not associat-
ed with any reduction in NF-xB binding to DNA (Hart et al. 2000). This suggests
that corticosteroids are more likely to be acting downstream of the binding of
proinflammatory transcription factors to DNA and attention has now focused
on their effects on chromatin structure and histone acetylation.

24
Histone Deacetylation

Repression of genes occurs through reversal of the histone acetylation that
switches on inflammatory genes (Imhof and Wolffe 1998). Activated GR may
bind to CBP or other coactivators directly to inhibit their HAT activity (Ito et al.
2000), thus reversing the unwinding of DNA round-core histones and thereby
repressing inflammatory genes. More importantly, particularly at low concentra-
tions that are likely to be relevant therapeutically in asthma treatment, activated
GR recruits histone deacetylases (HDACs) to the activated transcriptional com-
plex, resulting in deacetylation of histones, and thus a decrease in inflammatory
gene transcription (Ito et al. 2000) (Fig. 2). At least 11 HDACs have now been
identified and these are differentially expressed and regulated in different cell
types (Gao et al. 2002). There is now evidence that the different HDACs target
different patterns of acetylation (Peterson 2002). These differences in HDACs
may contribute to differences in responsiveness to corticosteroids between dif-
ferent genes and cells.

An important question is why corticosteroids only switch off inflammatory
genes, as they clearly do not suppress all activated genes and are well tolerated
as a therapy. It is likely that GR only binds to coactivators that are activated by
proinflammatory transcription factors, such as NF-«B and AP-1, although we
do not understand how this specific recognition occurs. It is likely that there are
several specific coactivators that interact with GR. AP-1 and NF-«B repression is
normal in mice which express a form of GR that does not dimerise (dim™"), in-
dicating that GR monomers are able to mediate the anti-inflammatory effects of
corticosteroids, whereas dimerisation is needed for gene activation (Reichardt
et al. 1998).

Methylation of histones, particularly histone-3, by histone methyltransferas-
es, results in gene suppression (Bannister et al. 2002). The anti-inflammatory ef-
fects of corticosteroids are reduced by a methyltransferase inhibitor, 5-aza-2’-
deoxycytidine, suggesting that this may be an additional mechanism whereby
corticosteroids suppress genes (Kagoshima et al. 2001). Indeed there may be an
interaction between acetylation, methylation and phosphorylation of histones,
so that the sequence of chromatin modifications may give specificity to expres-
sion of particular genes (Jenuwein and Allis 2001).
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25
Non-transcriptional Effects

Although most of the actions of corticosteroids are mediated by changes in
transcription through chromatin remodelling, it is increasingly recognised that
they may also affect protein synthesis by reducing the stability of mRNA. Some
inflammatory genes, such as the gene encoding granulocyte-macrophage colo-
ny-stimulating factor (GM-CSF), produce mRNA that is rich in AU nucleotides
at the 3'-untranslated end. It is this region that interacts with ribonucleases
that break down mRNA, thus switching off protein synthesis. Corticosteroids
may have effects on proteins that stabilise the AU-rich region, leading to more
rapid breakdown of mRNA and consequent reduction in protein expression
(Bergmann et al. 2000; Reichardt et al. 2001).

2.6
Target Genes in Inflammation Control

Corticosteroids may control inflammation by inhibiting many aspects of the in-
flammatory process in asthma through increasing the transcription of anti-in-
flammatory genes and decreasing the transcription of inflammatory genes
(Table 1).

2.6.1
Anti-inflammatory Proteins

Corticosteroids may suppress inflammation by increasing the synthesis of anti-
inflammatory proteins. For example, corticosteroids increase the synthesis of li-
pocortin-1, a 37-kDa protein that has an inhibitory effect on phospholipase A,
(PLA;), and therefore may inhibit the production of lipid mediators. Corticos-
teroids induce the formation of lipocortin-1 in several cells, and recombinant
lipocortin-1 has acute anti-inflammatory properties. However, lipocortin-1 does
not appear to be increased by inhaled corticosteroid treatment in asthma (Hall
et al. 1999). Corticosteroids increase the expression of other potentially anti-in-
flammatory proteins, such as IL-1 receptor antagonist (which inhibits the bind-
ing of IL-1 to its receptor), secretory leukoprotease inhibitor (which inhibits
proteases, such as tryptase), neutral endopeptidase (which degrades bronchoac-
tive peptides such as kinins), CC-10 (an immunomodulatory protein), an inhib-
itor of NF-kB (IxB-a) and IL-10 (an anti-inflammatory cytokine).

2.6.2
B2-Adrenoceptors

Corticosteroids increase the expression of B,-adrenoceptors by increasing the
rate of transcription, and the human f,-receptor gene has three potential GREs.
Corticosteroids double the rate of B,-receptor gene transcription in human lung
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in vitro, resulting in increased expression of f,-receptors (Mak et al. 1995a).
This also occurs in vivo in nasal mucosa with treatment with topical corticos-
teroids (Baraniuk et al. 1997). This may be relevant in asthma as corticosteroids
may prevent down-regulation of B-receptors in response to prolonged treatment
with f,-agonists. In rats, corticosteroids prevent down-regulation and reduced
transcription of f,-receptors in response to chronic S-agonist exposure (Mak et
al. 1995b).

2.6.3
Cytokines

The inhibitory effect of corticosteroids on cytokine synthesis is likely to be of
particular importance in the control of inflammation in asthma. Corticosteroids
inhibit the transcription of many cytokines and chemokines that are relevant in
asthma (Table 1). These inhibitory effects are due, at least in part, to an inhibi-
tory effect on the transcription factors that regulate induction of these cytokine
genes, including AP-1 and NF-xB. For example, eotaxin which is important in
selective attraction of eosinophils from the circulation into the airways is regu-
lated in part by NF-xB and its expression in airway epithelial cells is inhibited
by corticosteroids (Lilly et al. 1997). Many transcription factors are likely to be
involved in the regulation of inflammatory genes in asthma in addition to AP-1
and NF-xB. IL-4 and IL-5 expression in T lymphocytes plays a critical role in
allergic inflammation, but NF-xB does not play a role, whereas the transcription
factor nuclear factor of activated T cells (NF-AT) is important (Rao et al. 1997).
AP-1 is a component of the NF-AT transcription complex, so that corticos-
teroids inhibit IL-5, at least in part, by inhibiting the AP-1 component of NF-AT.

There may be marked differences in the response of different cells and of dif-
ferent cytokines to the inhibitory action of corticosteroids, and this may be de-
pendent on the relative abundance of transcription factors within different cell
types. Thus in alveolar macrophages and peripheral blood monocytes, GM-CSF
secretion is more potently inhibited by corticosteroids than IL-15 or IL-6 secre-
tion.

2.6.4
Inflammatory Enzymes

Corticosteroids inhibit the synthesis of several inflammatory mediators impli-
cated in asthma through an inhibitory effect on the induction of enzymes such
as cyclo-oxygenase-2 and cytosolic PLA, (Newton et al. 1997, 1998b). Corticos-
teroids markedly inhibit the induction of inducible nitric oxide synthase
(iNOS), which is induced in asthma and COPD (Saleh et al. 1998), but this does
not appear to be a direct effect on iNOS expression (Donnelly and Barnes 2002).
It is more likely due to suppression of the inducing cytokines.
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2.6.5
Inflammatory Receptors

Corticosteroids also decrease the transcription of genes coding for certain re-
ceptors. Thus the gene for the NK;-receptor, which mediates the inflammatory
effects of tachykinins in the airways, has an increased expression in asthma
and is inhibited by corticosteroids, probably via an inhibitory effect on AP-1
(Adcock et al. 1993). Corticosteroids also inhibit the transcription of the
NKj-receptor which mediates the bronchoconstrictor effects of tachykinins
(Katsunuma et al. 1998) and bradykinin B; and B, receptors (Haddad et al.
2000).

2.6.6
Adhesion Molecules

Adhesion molecules play a key role in the trafficking of inflammatory cells to
sites of inflammation. The expression of many adhesion molecules on endothe-
lial cells is induced by cytokines, and corticosteroids may lead indirectly to a
reduced expression via their inhibitory effects on cytokines, such as IL-15 and
tumour necrosis factor (TNF)-a. Corticosteroids may also have a direct inhibi-
tory effect on the expression of adhesion molecules, such as intercellular adhe-
sion molecule (ICAM)-1 and E-selectin at the level of gene transcription. ICAM-
1 and vascular cell adhesion molecule (VCAM)-1 expression in bronchial epithe-
lial cell lines and monocytes is inhibited by corticosteroids (Atsuta et al. 1999).

2.6.7
Apoptosis

Corticosteroids markedly reduce the survival of certain inflammatory cells, such
as eosinophils. Eosinophil survival is dependent on the presence of certain cy-
tokines, such as IL-5 and GM-CSE. Exposure to corticosteroids blocks the effects
of these cytokines and leads to programmed cell death or apoptosis, although
the corticosteroid-sensitive molecular pathways have not yet been defined
(Walsh 1997). By contrast, corticosteroids decrease apoptosis in neutrophils and
thus prolong their survival (Meagher et al. 1996). This may contribute to the
lack of anti-inflammatory effects of corticosteroids in COPD where neutrophilic
inflammation is predominant.

3
Effects on Cell Function

Corticosteroids may have direct inhibitory actions on several inflammatory cells
and structural cells that are implicated in asthma (Fig. 3).
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3.1
Macrophages

Corticosteroids inhibit the release of inflammatory mediators and cytokines
from alveolar macrophages in vitro. Inhaled corticosteroids reduce the secretion
of chemokines and proinflammatory cytokines from alveolar macrophages from
asthmatic patients, whereas the secretion of IL-10 is increased (John et al. 1998).

3.2
Eosinophils

Corticosteroids have a direct inhibitory effect on mediator release from eosino-
phils, although they are only weakly effective in inhibiting secretion of reactive
oxygen species and eosinophil basic proteins. More importantly corticosteroids
induce apoptosis by inhibiting the prolonged survival due to IL-3, IL-5 and
GM-CSF (Walsh 1997), resulting in an increased number of apoptotic eosino-
phils in induced sputum of asthmatic patients (Woolley et al. 1996). There is a
delay in the apoptosis of eosinophils in asthma, which is reversed by treatment
with corticosteroids (Kankaanranta et al. 2000). One of the best-described ac-
tions of corticosteroids in asthma is a reduction in circulating eosinophils,
which may reflect an action on eosinophil production in the bone marrow.
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33
T Lymphocytes

T helper 2 lymphocytes (Th2) play an important orchestrating role in asthma
through the release of the cytokines IL-4, IL-5, IL-9 and IL-13 and may be an
important target for corticosteroids in asthma therapy. Corticosteroids increase
apoptosis in T cells, although the molecular mechanisms are not yet certain.

34
Mast Cells

While corticosteroids do not appear to have a direct inhibitory effect on media-
tor release from lung mast cells, chronic corticosteroid treatment is associated
with a marked reduction in mucosal mast cell numbers. This may be linked to a
reduction in IL-3 and stem cell factor (SCF) production, which are necessary
for mast cell expression at mucosal surfaces. Mast cells also secrete various cy-
tokines (TNF-a, IL-4, IL-5, IL-6 and IL-8), and this may also inhibited by corti-
costeroids (Williams and Galli 2000).

3.5
Dendritic Cells

Dendritic cells in the epithelium of the respiratory tract appear to play a critical
role in antigen presentation in the lung, as they have the capacity to take up al-
lergen, process it into peptides and present it via MHC molecules on the cell
surface for presentation to uncommitted T lymphocytes. In experimental ani-
mals, the number of dendritic cells is markedly reduced by systemic and inhaled
corticosteroids, thus dampening the immune response in the airways (Nelson et
al. 1995).

3.6
Neutrophils

Neutrophils, which are not prominent in the biopsies of asthmatic patients, are
not sensitive to the effects of corticosteroids. Indeed, systemic corticosteroids
increase peripheral neutrophil counts, which may reflect an increased survival
time due to an inhibitory action of neutrophil apoptosis (Meagher et al. 1996).
High doses of inhaled corticosteroids have no effect on airway neutrophilia in-
duced by ozone (Nightingale et al. 2000)

3.7
Endothelial Cells

GR gene expression in the airways is most prominent in endothelial cells of the
bronchial circulation and airway epithelial cells (Adcock et al. 1996). Corticos-
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teroids do not appear to directly inhibit the expression of adhesion molecules,
although they may inhibit cell adhesion indirectly by suppression of cytokines
involved in the regulation of adhesion molecule expression. Corticosteroids may
have an inhibitory action on airway microvascular leak induced by inflammato-
ry mediators. This appears to be a direct effect on postcapillary venular epithe-
lial cells. Although there have been no direct measurements of the effects of cor-
ticosteroids on airway microvascular leakage in asthmatic airways, regular treat-
ment with inhaled corticosteroids decreases the elevated plasma proteins found
in bronchoalveolar lavage fluid of patients with stable asthma.

38
Epithelial Cells

Epithelial cells may be an important source of many inflammatory mediators in
asthmatic airways and may drive and amplify the inflammatory response in the
airways through the secretion of proinflammatory cytokines, chemokines and
inflammatory peptides. Airway epithelium may be one of the most important
cellular targets for inhaled corticosteroids in asthma (Barnes 1996b; Schweibert
et al. 1996) (Fig. 4). Inhaled corticosteroids inhibit the increased expression of
many inflammatory proteins in airway epithelial cells (Barnes 1996b).

3.9
Mucus Secretion

Corticosteroids inhibit mucus secretion in airways and this may be a direct ac-
tion of corticosteroids on submucosal gland cells. Corticosteroids may also in-
hibit the expression of mucin genes, such as MUC2 and MUC5AC (Kai et al.
1996). In addition there are indirect inhibitory effects due to the reduction in
inflammatory mediators that stimulate increased mucus secretion.

Fig. 4 Inhaled corticosteroids may inhibit the transcription of several “inflammatory” genes in airway
epithelial cells and thus reduce inflammation in the airway wall
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4
Effects on Airway Inflammation in Asthma

Corticosteroids are remarkably effective in controlling the inflammation in asth-
matic airways, and it is likely that they have multiple cellular effects. Biopsy
studies in patients with asthma have now confirmed that inhaled corticosteroids
reduce the number and activation of inflammatory cells in the airway mucosa
and in bronchoalveolar lavage (Barnes 1996b). These effects may be due to inhi-
bition of cytokine synthesis in inflammatory and structural cells and suppres-
sion of adhesion molecules. The disrupted epithelium is restored and the ciliat-
ed-to-goblet cell ratio is normalised after 3 months of therapy with inhaled cor-
ticosteroids. There is also some evidence for a reduction in the thickness of the
basement membrane, although in asthmatic patients taking inhaled corticos-
teroids for over 10 years the characteristic thickening of the basement mem-
brane was still present.

4.1
Effects on Airway Hyperresponsiveness

By reducing airway inflammation, inhaled corticosteroids consistently reduce
airway hyperresponsiveness (AHR) in asthmatic adults and children (Barnes
1990). Chronic treatment with inhaled corticosteroids reduces responsiveness to
histamine, cholinergic agonists, allergen (early and late responses), exercise,
fog, cold air, bradykinin, adenosine and irritants (such as sulphur dioxide and
metabisulphite). The reduction in AHR takes place over several weeks and may
not be maximal until several months of therapy. The magnitude of reduction is
variable between patients and is in the order of one to two doubling dilutions
for most challenges and often fails to return to the normal range. This may re-
flect less suppression of the inflammation than persistence of structural changes
which cannot be reversed by corticosteroids. Inhaled corticosteroids not only
make the airways less sensitive to spasmogens, but they also limit the maximal
airway narrowing in response to spasmogens.

5
Clinical Efficacy of Inhaled Corticosteroids in Asthma

Inhaled corticosteroids are very effective in controlling asthma symptoms in
asthmatic patients of all ages and severity (Kamada et al. 1996; Barnes 1999). In-
haled corticosteroids improve the quality of life of patients with asthma and al-
low many patients to lead normal lives, improve lung function, reduce the fre-
quency of exacerbations and may prevent irreversible airway changes. They
were first introduced to reduce the requirement for oral corticosteroids in pa-
tients with severe asthma and many studies have confirmed that the majority of
patients can be weaned off oral corticosteroids (Barnes et al. 1998).
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5.1
Studies in Adults

As experience has been gained with inhaled corticosteroids they have been in-
troduced in patients with milder asthma, with the recognition that inflammation
is present even in patients with mild asthma. Inhaled anti-inflammatory drugs
have now become first-line therapy in any patient who needs to use a 3,-agonist
inhaler more than once a day, and this is reflected in national and international
guidelines for the management of chronic asthma. In patients with newly diag-
nosed asthma, inhaled corticosteroids (budesonide 600 pg twice daily) reduced
symptoms and f3;-agonist inhaler usage, and improved lung function. These ef-
fects persisted over the 2 years of the study, whereas in a parallel group treated
with inhaled S,-agonists alone there was no significant change in symptoms or
lung function (Haahtela et al. 1991). In another study patients with mild asthma
treated with a low dose of inhaled corticosteroid (budesonide 400 pg daily)
showed less symptoms and a progressive improvement in lung function over
several months, and many patients became completely asymptomatic (Juniper
et al. 1990). There was also a significant reduction in the number of exacerba-
tions. Although the effects of inhaled corticosteroids on AHR may take several
months to reach a plateau, the reduction in asthma symptoms occurs more
rapidly (Vathenen et al. 1991).

High-dose inhaled corticosteroids have now been introduced for the control
of more severe asthma. This markedly reduces the need for maintenance oral
corticosteroids and has revolutionised the management of more severe and un-
stable asthma. Inhaled corticosteroids are the treatment of choice in nocturnal
asthma, which is a manifestation of inflamed airways, reducing night time
awakening and reducing the diurnal variation in airway function.

High doses of inhaled corticosteroids may also substitute for a course of oral
steroids in controlling acute exacerbations of asthma. High-dose fluticasone
propionate (2,000 ug daily) was as effective as a course of oral prednisolone in
controlling acute exacerbations of asthma in general practice (Levy et al. 1996).
Although doubling the dose of inhaled corticosteroids is recommended for mild
exacerbation of asthma, this does not appear to be useful, but a fourfold in-
crease in dose is effective (Foresi et al. 2000).

Inhaled corticosteroids effectively control asthmatic inflammation but must
be taken regularly. When inhaled corticosteroids are discontinued there is usu-
ally a gradual increase in symptoms and airway responsiveness back to pretreat-
ment values (Vathenen et al. 1991), although in patients with mild asthma who
have been treated with inhaled corticosteroids for a long time symptoms may
not recur in some patients (Juniper et al. 1991). Reduction in the dose of inhaled
corticosteroids is associated with an increase in symptoms and this is preceded
by an increase in exhaled NO and sputum eosinophils (Jatakanon et al. 2000).
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5.2
Studies in Children

Inhaled corticosteroids are equally effective in children. In an extensive study of
children aged 7-17 years there was a significant improvement in symptoms,
peak flow variability and lung function compared to a regular inhaled B,-ago-
nist which was maintained over the 22 months of the study (van Essen-Zandvliet
et al. 1992), but asthma deteriorated when the inhaled corticosteroids were
withdrawn (Waalkens et al. 1993). There was a high proportion of drop-outs
(45%) in the group treated with inhaled f,-agonist alone. Inhaled corticos-
teroids are more effective than a long-acting ,-agonist in controlling asthma in
children (Simons 1997). Inhaled corticosteroids are also effective in younger
children. Nebulised budesonide reduces the need for oral corticosteroids and
also improved lung function in children under the age of three (Ilangovan et al.
1993). Inhaled corticosteroids given via a large volume spacer improve asthma
symptoms and reduce the number of exacerbations in preschool children and in
infants.

53
Dose-Response Studies

Surprisingly, the dose-response curve for the clinical efficacy of inhaled corti-
costeroids is relatively flat and—while all studies have demonstrated a clinical
benefit of inhaled corticosteroids—it has been difficult to demonstrate differ-
ences between doses, with most benefit obtained at the lowest doses used
(Kamada et al. 1996; Barnes et al. 1998; Busse et al. 1998; Adams et al. 2001).
This is in contrast to the steeper dose-response for systemic effects, implying
that while there is little clinical benefit from increasing doses of inhaled corti-
costeroids, the risk of adverse effects is increased. However, the dose-response
effect of inhaled corticosteroids may depend on the parameters measured and,
while it is difficult to discern a dose response when traditional lung function pa-
rameters are measured, there may be a dose-response effect in prevention of
asthma exacerbations. Thus, there is a significantly greater effect of budesonide
800 ug daily compared to 200 g daily in preventing severe and mild asthma ex-
acerbations (Pauwels et al. 1997). Normally, a fourfold or greater difference in
dose has been required to detect a statistically significant (but often small) dif-
ference in effect on commonly measured outcomes such as symptoms, peak ex-
piratory flow (PEF), use of rescue f3,-agonist, and lung function; and even such
large differences in dose are not always associated with significant differences in
response. These findings suggest that pulmonary function tests or symptoms
may have a rather low sensitivity in the assessment of the effects of inhaled cor-
ticosteroids. This is obviously important for the interpretation of clinical com-
parisons between different inhaled corticosteroids or inhalers. It is also impor-
tant to consider the type of patient included in clinical studies. Patients with rel-
atively mild asthma may have relatively little room for improvement with in-
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haled corticosteroids, so that maximal improvement is obtained with relatively
low doses. Patients with more severe asthma or with unstable asthma may have
more room for improvement and may therefore show a greater response to in-
creasing doses, but it is often difficult to include such patients in controlled clin-
ical trials.

More studies are needed to assess whether other outcome measures such as
AHR or more direct measurements of inflammation, such as sputum eosino-
phils or exhaled NO, may be more sensitive than traditional outcome measures
such as symptoms or lung function tests (Jatakanon et al. 1998, 1999; Lim et al.
1999; Green et al. 2002). Higher doses of inhaled corticosteroids are needed to
control AHR than to improve symptoms and lung function, and this may have a
better long-term outcome in terms of reduction in structural changes of the air-
ways (Sont et al. 1999).

54
Prevention of Irreversible Airway Changes

Some patients with asthma develop an element of irreversible airflow obstruc-
tion, but the pathophysiological basis of these changes is not yet understood. It
is likely that they are the result of chronic airway inflammation and that they
may be prevented by treatment with inhaled corticosteroids. There is some evi-
dence that the annual decline in lung function may be slowed by the introduc-
tion of inhaled corticosteroids (Dompeling et al. 1992). Increasing evidence
also suggests that delay in starting inhaled corticosteroids may result in less
overall improvement in lung function in both adults and children (Agertoft and
Pedersen 1994; Haahtela et al. 1994; Selroos et al. 1995). These studies suggest
that introduction of inhaled corticosteroids at the time of diagnosis is likely to
have the greatest impact (Agertoft and Pedersen 1994; Selroos et al. 1995). Sev-
eral large studies are now underway to assess the benefit of very early introduc-
tion of inhaled corticosteroids in children and adults. So far there is no evidence
that early use of inhaled corticosteroids is curative and even when inhaled corti-
costeroids are introduced at the time of diagnosis, symptoms and lung function
revert to pretreatment levels when corticosteroids are withdrawn (Haahtela et
al. 1994).

55
Reduction in Mortality

Inhaled corticosteroids may reduce the mortality from asthma, but prospective
studies are almost impossible to conduct. In a retrospective review of the risk of
mortality and prescribed anti-asthma medication, there was a significant pro-
tection provided by regular inhaled corticosteroid therapy (Suissa et al. 2000).
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5.6
Comparison Between Inhaled Corticosteroids

Several inhaled corticosteroids are currently available for the treatment of asth-
ma, although their availability varies between countries. There have been rela-
tively few studies comparing efficacy of the different inhaled corticosteroids,
and it is important to take into account the delivery system and the type of pa-
tient under investigation when such comparisons are made. Because of the rela-
tively flat dose-response curve for the clinical parameters normally used in
comparing doses of inhaled corticosteroids, it may be difficult to see differences
in efficacy of inhaled corticosteroids. Most comparisons have concentrated in
differences in systemic effects at equally efficacious doses, although it has often
proved difficult to establish dose equivalence (Martin et al. 2002). There are few
studies comparing different doses of inhaled corticosteroids in asthmatic pa-
tients. Budesonide has been compared with BDP, and in adults and children it
appears to have comparable anti-asthma effects at equal doses, whereas FP ap-
pears to be approximately twice as potent as BDP and budesonide. Studies have
consistently shown that fluticasone propionate (FP) and budesonide have less
systemic effects than BDP, triamcinolone and flunisolide (Lipworth 1999). A
new inhaled corticosteroid mometasone also has less systemic effects (Nathan
et al. 2001).

6
Clinical Use of Inhaled Corticosteroids in Asthma

Inhaled corticosteroids are now recommended as first-line therapy for all pa-
tients with persistent symptoms. Inhaled corticosteroids should be started in
any patient who needs to use a f,-agonist inhaler for symptom control more
than two to three times weekly. It is conventional to start with a low dose of in-
haled corticosteroid and to increase the dose until asthma control is achieved.
However, this may take time and a preferable approach is to start with a dose of
corticosteroids in the middle of the dose range (400 pg twice daily) to establish
control of asthma more rapidly (Barnes 1996a). Once control is achieved (de-
fined as normal or best possible lung function and infrequent need to use an in-
haled f,-agonist) the dose of inhaled corticosteroid should be reduced in a
step-wise manner to the lowest dose needed for optimal control. It may take as
long as 3 months to reach a plateau in response, and any changes in dose should
be made at intervals of 3 months or more. When daily doses of greater than or
equal to 800 pg daily are needed, a large volume spacer device should be used
with a metered dose inhaler (MDI) and mouth washing with a dry powder in-
haler in order to reduce local and systemic side effects. Inhaled corticosteroids
are usually given as a twice-daily dose in order to increase compliance. When
asthma is unstable, a four-times daily dosage is preferable (Malo et al. 1989).
For patients who require less than or equal to 400 pg daily, once-daily dosing
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appears to be as effective as twice-daily dosing, at least for budesonide (Jones et
al. 1994).

The dose of inhaled corticosteroid should be increased to 2,000 pg daily if
necessary, but higher doses may result in systemic effects. It may be preferable
to add a low dose of oral corticosteroid, since higher doses of inhaled corticos-
teroids are expensive and have a high incidence of local side effects. Nebulised
budesonide has been advocated in order to give an increased dose of inhaled
corticosteroid and to reduce the requirement for oral corticosteroids (Otulana
et al. 1992), but this treatment is expensive and may achieve its effects largely
via systemic absorption.

6.1
Add-on Therapy

Conventional advice was to increase the dose of inhaled corticosteroids if asth-
ma was not controlled, on the assumption that there was residual inflammation
of the airways. However, it is now apparent that the dose-response effect of in-
haled corticosteroids is relatively flat, so that there is little improvement in lung
function after doubling the dose of inhaled corticosteroids. The preferred strat-
egy for most patients is to add some other class of controller drug.

6.1.1
Long-Acting Inhaled S3,-Agonists

In patients in general practice who are not controlled on BDP 200 ug twice daily,
addition of salmeterol 50 ug twice daily was more effective than increasing the
dose of inhaled corticosteroid to 500 ug twice daily, in terms of lung function
improvement, use of rescue f3,-agonist use and symptom control (Greening et
al. 1994). This has been confirmed in several other studies (Shrewsbury et al.
2000). Similar results have been found with another long-acting inhaled f,-ago-
nist formoterol, which in addition reduced the frequency of mild and severe
asthma exacerbations (Pauwels et al. 1997). This has led to the development of
fixed combinations of corticosteroids and long-acting S,-agonists, such as FP
and salmeterol (Seretide/Advair/Vianni) and budesonide with formoterol (Sym-
bicort), which may be more convenient for patients (Chapman et al. 1999;
Shapiro et al. 2000; Zetterstrom et al. 2001). These fixed combination inhalers
also ensure that patients do not discontinue their inhaled corticosteroids when
a long-acting bronchodilator is used.

6.1.2
Theophylline

Addition of low doses of theophylline (giving plasma concentrations of <10 mg/1)
are more effective than doubling the dose of inhaled budesonide, either in mild
or severe asthma (Evans et al. 1997; Ukena et al. 1997; Lim et al. 2000). However,
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this is less effective as an add-on therapy than long-acting f,-agonists (Wilson et
al. 2000)

6.1.3
Anti-leukotrienes

Anti-leukotrienes are also used as add-on therapies (Laviolette et al. 1999), al-
though this is less effective than addition of long-acting f,-agonists (Nelson et
al. 2000), particularly in patients with severe asthma (Robinson et al. 2001). A
systematic review has suggested that anti-leukotrienes provide relatively little
benefit as add-on therapy (Ducharme 2002)

6.14
Mechanisms

The reason why add-on controller treatments are more effective than higher
doses of inhaled corticosteroids remains to be elucidated. The add-on effect
suggests that there is some reversible component of asthma that is not treatable
with steroids. As discussed above, the dose-response curve for inhaled corticos-
teroids efficacy is relatively shallow, and control of inflammation may be
achieved at low doses in most patients. The add-on therapies may be working
on some other component if asthma that is not sensitive to inhibition by inhaled
corticosteroids. This may be an abnormality in airway smooth muscle itself (as
a result of remodelling) or oedema of the airway wall. In the case of long-acting
Br-agonists there may also be a positive effect of ;-agonists on the anti-inflam-
matory effects of corticosteroids (Barnes 2002). 3,-Agonists increase the nuclear
translocation of GR and this might enhance the anti-inflammatory effects of
corticosteroids with enhanced suppression of cytokines.

6.2
Cost Effectiveness

Although inhaled corticosteroids may be more expensive than short-acting in-
haled f,-agonists, they are the most cost-effective way of controlling asthma,
since reducing the frequency of asthma attacks will save on total costs (Barnes
et al. 1996). Inhaled corticosteroids also improve the quality of life of patients
with asthma and allow many patients a normal lifestyle, thus saving costs indi-
rectly (van Schayk et al. 1995).

6.3
Corticosteroid-Sparing Therapy

In patients who have serious side effects with maintenance corticosteroid thera-
py there are several treatments which have been shown to reduce the require-
ment for oral corticosteroids (Hill and Tattersfield 1995). These treatments are
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commonly termed corticosteroid sparing, although this is a misleading descrip-
tion that could be applied to any additional asthma therapy (including bron-
chodilators). The amount of corticosteroid sparing with these therapies is not
impressive.

Several immunosuppressive agents have been shown to have corticosteroid
effects, including methotrexate, oral gold and cyclosporin A. These therapies all
have side effects that may be more troublesome than those of oral corticos-
teroids and are therefore only indicated as an additional therapy to reduce the
requirement of oral corticosteroids (Davies et al. 2000). None of these treat-
ments is very effective, but there are occasional patients who appear to show a
good response. Because of side effects, these treatments cannot be considered as
a way to reduce the requirement for inhaled corticosteroids. Several other thera-
pies, including azathioprine, dapsone and hydroxychloroquine have not been
found to be beneficial. The macrolide antibiotic troleandomycin is also reported
to have corticosteroid-sparing effects, but this is only seen with methylprednis-
olone and is due to reduced metabolism of this corticosteroid, so that there is
little therapeutic gain (Nelson et al. 1993).

7
Pharmacokinetics

The pharmacokinetics of inhaled corticosteroids is important in determining
the concentration of drug reaching target cells in the airways and in the fraction
of drug reaching the systemic circulation and therefore causing side effects
(Barnes et al. 1998). Beneficial properties in an inhaled corticosteroid are a high
topical potency, a low systemic bioavailability of the swallowed portion of the
dose and rapid metabolic clearance of any corticosteroid reaching the systemic
circulation. After inhalation a large proportion of the inhaled dose (80%-90%)
is deposited on the oropharynx and is then swallowed and therefore available
for absorption via the liver into the systemic circulation (Fig. 5). This fraction is
markedly reduced by using a large volume spacer device with a metered dose
inhaler (MDI) or by mouth washing and discarding the washing with dry pow-
der inhalers. Between 10% and 20% of inhaled drug enters the respiratory tract,
where it is deposited in the airways and this fraction is available for absorption
into the systemic circulation. Most of the early studies on the distribution of in-
haled corticosteroids were conducted in healthy volunteers, and it is not certain
what effect inflammatory disease, airway obstruction, age of the patient or con-
comitant medication may have on the disposition of the inhaled dose. There
may be important differences in the metabolism of different inhaled corticos-
teroids. BDP is metabolised to its more active metabolite beclomethasone
monopropionate in many tissues including lung, but there is no information
about its absorption or metabolism of this metabolite in humans. Flunisolide
and budesonide are subject to extensive first-pass metabolism in the liver so
that less reaches the systemic circulation. Little is known about the distribution



Corticosteroids 101

Fig. 5 Pharmacokinetics of inhaled corticosteroids

of triamcinolone. FP is almost completely metabolised by first-pass metabolism,
which reduces systemic effects.

When inhaled corticosteroids were first introduced it was recommended that
they should be given four times daily, but several studies have now demonstra-
ted that twice daily administration gives comparable control, although four
times daily administration may be preferable in patients with more severe asth-
ma. However, patients may find it difficult to comply with such frequent admin-
istration unless they have troublesome symptoms. For patients with mild asth-
ma who require less than or equal to 400 ug daily, once-daily therapy may be
sufficient.

8
Side Effects of Inhaled Corticosteroids

The efficacy of inhaled corticosteroids is now established in short- and long-
term studies in adults and children, but there are still concerns about side ef-
fects, particularly in children and when high inhaled doses are needed. Several
side effects have been recognised (Table 2).

8.1
Local Side Effects

Side effects due to the local deposition of the inhaled corticosteroid in the oro-
pharynx may occur with inhaled corticosteroids, but the frequency of com-
plaints depends on the dose and frequency of administration and on the deliv-
ery system used.
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Table 2 Side-effects of inhaled corticosteroids

8.1.1
Dysphonia

The commonest complaint is of hoarseness of the voice (dysphonia) and may
occur in over 50% of patients using high doses of MDI. Dysphonia is not appre-
ciably reduced by using spacers, but may be less with dry powder devices. Dys-
phonia may be due to myopathy of laryngeal muscles and is reversible when
treatment is withdrawn (Williamson et al. 1995). For most patients it is not
troublesome but may be disabling in singers and lecturers.

8.1.2
Oropharyngeal Candidiasis

Oropharyngeal candidiasis (thrush) may be a problem in some patients, partic-
ularly in the elderly, with concomitant oral corticosteroids and more than
twice-daily administration (Toogood et al. 1980). Large volume spacer devices
protect against this local side effect by reducing the dose of inhaled corticoste-
roid that deposits in the oropharynx.

8.1.3
Other Local Complications

There is no evidence that inhaled corticosteroid, even in high doses, increases
the frequency of infections, including tuberculosis, in the lower respiratory
tract. There is no evidence for atrophy of the airway epithelium, and even after
10 years of treatment with inhaled corticosteroids there is no evidence for any
structural changes in the epithelium. Cough and throat irritation, sometimes ac-
companied by reflex bronchoconstriction, may occur when inhaled corticos-
teroids are given via a metered dose inhaler. These symptoms are likely to be
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due to surfactants in pressurised aerosols as they disappear after switching to a
dry powder corticosteroid inhaler device.

8.2
Systemic Side Effects

The efficacy of inhaled corticosteroids in the control of asthma is undisputed,
but there are concerns about systemic effects of inhaled corticosteroids, partic-
ularly as they are likely to be used over long periods and in children of all ages
(Kamada et al. 1996; Lipworth 1999). The safety of inhaled corticosteroids has
been extensively investigated since their introduction 30 years ago (Barnes et al.
1998). One of the major problems is to decide whether a measurable systemic
effect has any significant clinical consequence, and this necessitates careful
long-term follow-up studies. As biochemical markers of systemic corticosteroid
effects become more sensitive, then systemic effects may be seen more often,
but this does not mean that these effects are clinically relevant. There are several
case reports of adverse systemic effects of inhaled corticosteroids, and these
may be idiosyncratic reactions, which may be due to abnormal pharmacokinetic
handing of the inhaled corticosteroid. The systemic effect of an inhaled cortico-
steroid will depend on several factors, including the dose delivered to the pa-
tient, the site of delivery (gastrointestinal tract and lung), the delivery system
used and individual differences in the patient’s response to the corticosteroid.
Studies now suggest that systemic effects of inhaled corticosteroid are less in pa-
tients with more severe asthma, presumably as less drug reaches the lung pe-
riphery (Brutsche et al. 2000; Harrison et al. 2001).

8.2.1
Effect of Delivery Systems

The systemic effect of an inhaled corticosteroid is dependent on the amount of
drug absorbed into the systemic circulation. Approximately 90% of the inhaled
dose from an MDI deposits in the oropharynx and is swallowed and subsequent-
ly absorbed from the gastrointestinal tract. Use of a large volume spacer device
markedly reduces the oropharyngeal deposition, and therefore the systemic ef-
fects of inhaled corticosteroids, although thus is less important when oral bio-
availability is minimal, as with FP. For dry powder inhalers, similar reductions
in systemic effects may be achieved with mouth washing and discarding the flu-
id. All patients using a daily dose of greater than or equal to 800 pg of an in-
haled corticosteroid should therefore use either a spacer or mouth washing to
reduce systemic absorption. Approximately 10% of an MDI enters the lung and
this fraction (which presumably exerts the therapeutic effect) may be absorbed
into the systemic circulation. As the fraction of inhaled corticosteroid deposited
in the oropharynx is reduced, the proportion of the inhaled dose entering the
lungs is increased. More efficient delivery to the lungs is therefore accompanied
by increased systemic absorption, but this is offset by a reduction in the dose
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needed for optimal control of airway inflammation. For example, a multiple dry
powder delivery system, the Turbuhaler, delivers approximately twice as much
corticosteroid to the lungs as other devices, and therefore has increased system-
ic effects. However, this is compensated for by the fact that only half the dose is
required. BDP MDI in hydrofluoroalkane propellant gives smaller particle sizes
which appears to deliver a higher dose to the lungs than in the conventional
chlorofluorocarbon propellant (Shaw 1999).

8.2.2
Hypothalamic-Pituitary—Adrenal Axis

Corticosteroids may cause hypothalamic-pituitary-adrenal (HPA) axis suppres-
sion by reducing corticotrophin (ACTH) production, which reduces cortisol se-
cretion by the adrenal gland. The degree of HPA suppression is dependent on
dose, duration, frequency and timing of corticosteroid administration. There is
no evidence that cortisol responses to the stress of an asthma exacerbation or
insulin-induced hypoglycaemia are impaired, even with high doses of inhaled
corticosteroids. However, measurement of HPA axis function provides evidence
for systemic effects of an inhaled corticosteroid. Basal adrenal cortisol secretion
may be measured by a morning plasma cortisol, 24 h urinary cortisol or by
plasma cortisol profile over 24 h. Other tests measure the HPA response follow-
ing stimulation with tetracosactrin (which measures adrenal reserve) or stimu-
lation with metyrapone and insulin (which measure the response to stress).

There are many studies of HPA axis function in asthmatic patients with in-
haled corticosteroids, but the results are inconsistent, as they have often been
uncontrolled and patients have also been taking courses of oral corticosteroids
(which may affect the HPA axis for weeks) (Barnes et al. 1998). BDP, budesonide
and FP at high doses by conventional MDI (>1,600 pg daily) give a dose-related
decrease in morning serum cortisol levels and 24 h urinary cortisol, although
values still lie well within the normal range. However, when a large volume spac-
er is used, doses of 2,000 ug daily of BDP or budesonide have little effect on 24 h
urinary cortisol excretion. Stimulation tests of HPA axis function similarly show
no consistent effects of doses of 1,500 pg or less of inhaled corticosteroid. At
high doses (>1,500 pg daily) budesonide and FP have less effect than BDP on
HPA axis function. In children, no suppression of urinary cortisol is seen with
doses of BDP of 800 pg or less. In studies where plasma cortisol has been mea-
sured at frequent intervals there was a significant reduction in cortisol peaks
with doses of inhaled BDP as low as 400 pg daily, although this does not appear
to be dose-related in the range 400-1,000 pg. The clinical significance of these
effects is not certain, however.

Overall, the studies which are not confounded by concomitant treatment with
oral corticosteroids have consistently shown that there are no significant sup-
pressive effects on HPA axis function at doses at or below 1,500 pg in adults and
400 pg in children.
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8.23
Effects on Bone Metabolism

Corticosteroids lead to a reduction in bone mass by direct effects on bone for-
mation and resorption and indirectly by suppression of the pituitary-gonadal
and HPA axes, effects on intestinal calcium absorption, renal tubular calcium re-
absorption and secondary hyperparathyroidism (Efthimou and Barnes 1998).
The effects of oral corticosteroids on osteoporosis and increased risk of verte-
bral and rib fractures are well known, but there are no reports suggesting that
long-term treatment with inhaled corticosteroids is associated with an increased
risk of fractures. Bone densitometry has been used to assess the effect of inhaled
corticosteroids on bone mass. Although there is evidence that bone density is
less in patients taking high-dose inhaled corticosteroids, interpretation is con-
founded by the fact that these patients are also taking intermittent courses of
oral corticosteroids.

Changes in bone mass occur very slowly and several biochemical indices
have been used to assess the short-term effects of inhaled corticosteroids on
bone metabolism. Bone formation has been measured by plasma concentrations
of bone-specific alkaline phosphatase, serum osteocalcin or procollagen pep-
tides. Bone resorption may be assessed by urinary hydroxyproline after a 12-h
fast, urinary calcium excretion and pyridinium cross-link excretion. It is impor-
tant to consider the age, diet, time of day and physical activity of the patient in
interpreting any abnormalities. It is also necessary to choose appropriate con-
trol groups, as asthma itself may have an effect on some of the measurements,
such as osteocalcin. Inhaled corticosteroids, even at doses up to 2,000 pg daily,
have no significant effect on calcium excretion, but acute and reversible dose-
related suppression of serum osteocalcin has been reported with BDP and
budesonide when given by conventional MDI in several studies. Budesonide
consistently has less effect than BDP at equivalent doses and only BDP increases
urinary hydroxyproline at high doses. With a large volume spacer, even doses of
2,000 pg daily of either BDP or budesonide are without effect on plasma osteo-
calcin concentrations, however. Urinary pyridinium and deoxypyridinoline
cross-links, which are a more accurate and stable measurement of bone and col-
lagen degradation, are not increased with inhaled corticosteroids (BDP
>1,000 pg daily), even with intermittent courses of oral corticosteroids. It is im-
portant to monitor changes in markers of bone formation as well as bone degra-
dation, as the net effect on bone turnover is important.

There has been particular concern about the effect of inhaled corticosteroids
on bone metabolism in growing children. A very low dose of oral corticosteroids
(prednisolone 2.5 mg) causes significant changes in serum osteocalcin and uri-
nary hydroxyproline excretion, whereas daily BDP and budesonide at doses up
to 800 pg daily have no effect. It is important to recognise that the changes in
biochemical indices of bone metabolism are less than those seen with even low
doses of oral corticosteroids. This suggests that even high doses of inhaled cor-
ticosteroids, particularly when used with a spacer device, are unlikely to have
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any long-term effect on bone structure. Careful long-term follow-up studies in
patients with asthma are needed.

There is no evidence that inhaled corticosteroids increase the frequency of
fractures. Long-term treatment with high-dose inhaled corticosteroids has not
been associated with any consistent change in bone density (Egan et al. 1999),
apart from triamcinolone, which has greater systemic absorption than other in-
haled corticosteroids (Israel et al. 2001). A decrease in bone density with in-
haled BDP has been observed in post-menopausal women who are a high-risk
group (Fujita et al. 2001).

8.2.4
Effects on Connective Tissue

Oral and topical corticosteroids cause thinning of the skin, telangiectasiae and
easy bruising, probably as a result of loss of extracellular ground substance
within the dermis, due to an inhibitory effect on dermal fibroblasts. There are
reports of increased skin bruising and purpura in patients using high doses of
inhaled BDP, but the amount of intermittent oral corticosteroids in these pa-
tients is not known. Easy bruising in association with inhaled corticosteroids is
more frequent in elderly patients (Roy et al. 1996) and there are no reports of
this problem in children. Long-term prospective studies with objective measure-
ments of skin thickness are needed with different inhaled corticosteroids.

8.2.5
Ocular Effects

Long-term treatment with oral corticosteroids increases the risk of posterior
subcapsular cataracts and there are several case reports describing cataracts in
individual patients taking inhaled corticosteroids (Barnes et al. 1998). In a re-
cent cross-sectional study in patients aged 5-25 years taking either inhaled BDP
or budesonide, no cataracts were found on slit-lamp examination, even in pa-
tients taking 2,000 pg daily for over 10 years (Simons et al. 1993). However, epi-
demiological studies have identified an increased risk of cataracts in patients
taking high-dose inhaled steroids over prolonged periods (Cumming et al.
1997), although the increased risk is slight and applies mainly to elderly patients
(Jick et al. 2001). A slight increase in the risk of glaucoma in patients taking very
high does of inhaled corticosteroids has also been identified (Garbe et al. 1997).

8.2.6
Growth

There has been particular concern that inhaled corticosteroids may cause stunt-
ing of growth, and several studies have addressed this issue. Asthma itself (as
with other chronic diseases) may have an effect on the growth pattern and has
been associated with delayed onset of puberty and deceleration of growth veloc-
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ity that is more pronounced with more severe disease. However, asthmatic chil-
dren appear to grow for longer, so that their final height is normal. The effect of
asthma on growth makes it difficult to assess the effects of inhaled corticos-
teroids on growth in cross-sectional studies, particularly as courses of oral cor-
ticosteroids is a confounding factor (Pedersen 2001). Longitudinal studies have
demonstrated that there is no significant effect of inhaled corticosteroids on
statural growth in doses of up to 800 pg daily and for up to 5 years of treatment
(Barnes et al. 1998). A meta-analysis of 21 studies, including over 800 children,
showed no effect of inhaled BDP on statural height, even with higher doses and
long duration of therapy (Allen et al. 1994) and in a large study of asthmatics
treated with inhaled corticosteroids during childhood there was no difference in
statural height compared to normal children (Silverstein et al. 1997). Another
long-term follow-up study showed no effect of corticosteroids on final height in
children treated over several years (Agertoft and Pedersen 2000).

Short-term growth measurements (knemometry) have demonstrated that
even a low dose of an oral corticosteroid (prednisolone 2.5 mg) is sufficient to
give complete suppression of lower leg growth. However, inhaled budesonide up
to 400 pg is without effect, although some suppression is seen with 800 pg and
with 400 pug BDP. The relationship between knemometry measurements and fi-
nal height are uncertain since low doses of oral corticosteroid that have no effect
on final height cause profound suppression.

8.2.7
Metabolic Effects

Several metabolic effects have been reported after inhaled corticosteroids, but
there is no evidence that these are clinically relevant at therapeutic doses. In
fasting adults, glucose and insulin are unchanged after doses of BDP up to
2000 pg daily and in children with inhaled budesonide up to 800 pg daily. In
normal individuals, high-dose inhaled BDP may slightly increase resistance to
insulin. However, in patients with poorly controlled asthma, high doses of BDP
and budesonide paradoxically decrease insulin resistance and improve glucose
tolerance, suggesting that the disease itself may lead to abnormalities in carbo-
hydrate metabolism. Neither BDP 2000 pg daily in adults nor budesonide 800 pg
daily in children have any effect on plasma cholesterol or triglycerides.

8.2.8
Haematological Effects

Inhaled corticosteroids may reduce the numbers of circulating eosinophils in
asthmatic patients, possibly due to an effect on local cytokine generation in the
airways. Inhaled corticosteroids may cause a small increase in circulating neu-
trophil counts.
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8.2.9
Central Nervous System Effects

There are various reports of psychiatric disturbance, including emotional labili-
ty, euphoria, depression, aggressiveness and insomnia, after inhaled corticos-
teroids. Only eight such patients have so far been reported, suggesting that this
is very infrequent and a causal link with inhaled corticosteroids has usually not
been established.

8.2.10
Safety in Pregnancy

Based on extensive clinical experience inhaled corticosteroids appear to be safe
in pregnancy, although no controlled studies have been performed. There is no
evidence for any adverse effects of inhaled corticosteroids on the pregnancy, the
delivery or on the foetus (Schatz et al. 1997; Schatz 1999). It is important to
recognise that poorly controlled asthma may increase the incidence of perinatal
mortality and retard intra-uterine growth, so that more effective control of asth-
ma with inhaled corticosteroids may reduce these problems.

9
Systemic Corticosteroids

Oral or intravenous corticosteroids may be indicated in several situations. Pred-
nisolone, rather than prednisone, is the preferred oral corticosteroid, as predni-
sone has to be converted in the liver to the active prednisolone. In pregnant pa-
tients, prednisone may be preferable, as it is not converted to prednisolone in
the foetal liver, thus diminishing the exposure of the foetus to corticosteroids.
Enteric-coated preparations of prednisolone are used to reduce side effects (par-
ticularly gastric side effects) and give delayed and reduced peak plasma concen-
trations, although the bioavailability and therapeutic efficacy of these prepara-
tions is similar to uncoated tablets. Prednisolone and prednisone are preferable
to dexamethasone, betamethasone or triamcinolone, which have longer plasma
half-lives and therefore an increased frequency of adverse effects.

Short courses of oral corticosteroids (30-40 mg prednisolone daily for
1-2 weeks or until the peak flow values return to best attainable) are indicated
for exacerbations of asthma, and the dose may be tailed off over 1 week once the
exacerbation is resolved. The tail-off period is not strictly necessary, but some
patients find it reassuring.

Maintenance oral corticosteroids are only needed in a small proportion of
asthmatic patients with the most severe asthma that cannot be controlled with
maximal doses of inhaled corticosteroids (2,000 pg daily) and additional bron-
chodilators. The minimal dose of oral corticosteroid needed for control should
be used and reductions in the dose should be made slowly in patients who have
been on oral corticosteroids for long periods (e.g. by 2.5 mg per month for dos-
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es down to 10 mg daily and thereafter by 1 mg per month). Oral corticosteroids
are usually given as a single morning dose, as this reduces the risk of adverse
effects, since it coincides with the peak diurnal concentrations. There is some
evidence that administration in the afternoon may be optimal for some patients
who have severe nocturnal asthma (Beam et al. 1992). Alternate day administra-
tion may also reduce adverse effects, but control of asthma may not be as good
on the day when the oral dose is omitted in some patients.

Intramuscular triamcinolone acetonide (80 mg monthly) has been advocated
in patients with severe asthma as an alternative to oral corticosteroids (McLeod
et al. 1985; Ogirala et al. 1991). This may be considered in patients in whom
compliance is a particular problem, but the major concern is the high frequency
of proximal myopathy associated with this fluorinated corticosteroid. Some pa-
tients who do not respond well to prednisolone are reported to respond to oral
betamethasone, presumably because of pharmacokinetic handling problems
with prednisolone.

9.1
Acute Severe Asthma

Intravenous hydrocortisone is given in acute severe asthma, with a recommend-
ed dose of 200 mg (i.v.). While the value of corticosteroids in acute severe asth-
ma has been questioned, others have found that they speed the resolution of at-
tacks (Engel and Heinig 1991). There is no apparent advantage in giving very
high doses of intravenous corticosteroids (such as methylprednisolone 1 g). In-
deed, intravenous corticosteroids have occasionally been associated with an
acute severe myopathy (Decramer et al. 1995). No difference in recovery from
acute severe asthma was seen whether i.v. hydrocortisone in doses of 50, 200 or
500 mg 6 hourly were used (Bowler et al. 1992), and another placebo-controlled
study showed no beneficial effect of i.v. corticosteroids (Morell et al. 1992). In-
travenous corticosteroids are indicated in acute asthma if lung function is less
than 30% predicted and in whom there is no significant improvement with neb-
ulised f3,-agonist. Intravenous therapy is usually given until a satisfactory re-
sponse is obtained and then oral prednisolone may be substituted. Oral predni-
solone (40-60 mg) has a similar effect to intravenous hydrocortisone and is eas-
ier to administer (Harrison et al. 1986; Engel and Heinig 1991). Oral predniso-
lone is the preferred treatment for acute severe asthma, providing there are no
contraindications to oral therapy (British Thoracic Society 1997). There is some
evidence that high does of nebulised corticosteroids may also be effective in
acute exacerbations of asthma, with a more rapid onset of action (Devidayal et
al. 1999).
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10
Corticosteroid-Resistant Asthma

Although corticosteroids are highly effective in the control of asthma and other
chronic inflammatory or immune diseases, a small proportion of patients with
asthma fail to respond even to high doses of oral glucocorticoids (Barnes et al.
1995; Szefler and Leung 1997; Barnes 2000b). Resistance to the therapeutic ef-
fects of corticosteroids is also recognised in other inflammatory and immune
diseases, including rheumatoid arthritis and inflammatory bowel disease. Corti-
costeroid-resistant patients, although uncommon, present considerable manage-
ment problems. Recently, new insights into the mechanisms whereby corticos-
teroids suppress chronic inflammation have shed new light on the molecular ba-
sis of corticosteroid-resistant asthma.

Corticosteroid-resistant asthma is defined as a failure to improve forced expi-
ratory volume in 1 s (FEV;) or PEF by greater than 15% after treatment with
oral prednisolone 30-40 mg daily for 2 weeks, providing the oral steroid is taken
(verified by plasma prednisolone level or a reduction in early morning cortisol
level). These patients are not addisonian and they do not suffer from the abnor-
malities in sex hormones described in the very rare familial glucocorticoid re-
sistance. Plasma cortisol and adrenal suppression in response to exogenous cor-
tisol is normal in these patients, so they suffer from side effects of corticos-
teroids.

Complete corticosteroid resistance in asthma is very rare, with a prevalence
of less than 1:1000 asthmatic patients. Much more common is a reduced respon-
siveness to corticosteroids, so that large inhaled or oral doses are needed to con-
trol asthma adequately (corticosteroid-dependent asthma). It is likely that there
is a range of responsiveness to corticosteroids and that corticosteroid resistance
is at one extreme of this range.

It is important to establish that the patient has asthma, rather than COPD,
“pseudoasthma” (a hysterical conversion syndrome involving vocal cord dys-
function), left ventricular failure or cystic fibrosis that do not respond to corti-
costeroids. Asthmatic patients are characterised by a variability in PEF and, in
particular, a diurnal variability of greater than 15% and episodic symptoms. It
is also important to identify provoking factors (allergens, drugs, psychological
problems) that may increase the severity of asthma and its resistance to therapy.
Biopsy studies have demonstrated the typical eosinophilic inflammation of asth-
ma in these patients (Szefler and Leung 1997).

10.1
Mechanisms of Corticosteroid Resistance

There may be several mechanisms for resistance to the effects of corticosteroids.
Certain cytokines (particularly IL-2, IL-4 and IL-13) may induce a reduction in
affinity of glucocorticoid receptors in inflammatory cells such as T-lympho-
cytes, resulting in local resistance to the anti-inflammatory actions of corticos-
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teroids (Szefler and Leung 1997). This may be mediated via activation of p38
mitogen-activated protein (MAP) kinase pathways which result in reduced nu-
clear translocation of GR (Irusen et al. 2002). Another mechanism is an in-
creased activation of the transcription factor AP-1 by inflammatory cytokines,
so that AP-1 may consume activated glucocorticoid receptors and thus reduce
their availability for suppression of inflammation at inflamed sites (Adcock et
al. 1994). There is an increased expression of c-Fos, one of the components of
AP-1 (Lane et al. 1998). The reasons for this excessive activation of AP-1 by acti-
vating enzymes is currently unknown, but may be genetically determined. An-
other proposed mechanism is an increase in expression of GR-$ which then in-
terferes with DNA binding of GR (Hamid et al. 1999; Sousa et al. 2000), but any
increase in GR-J is insufficient to account for reduced responsiveness to corti-
costeroids (Gagliardo et al. 2000). Recently a subgroup for patients with steroid
resistance that have a defect in acetylation of histone-4 has been described
(Matthews et al. 2000). This suggests that there are probably several different
molecular mechanisms contributing to corticosteroid resistance in asthma and
that different therapeutic approaches may be needed in the future.

1"
Corticosteroids in COPD

Although inhaled corticosteroids are highly effective in asthma, they provide lit-
tle benefit in COPD, despite the fact that airway and lung inflammation is pres-
ent (Barnes 2000a).

1.1
Effect on Inflammation

The resistance to corticosteroids in COPD may reflect that the inflammation in
COPD is not suppressed by corticosteroids, with no reduction in inflammatory
cells, cytokines or proteases in induced sputum even with oral corticosteroids
(Keatings et al. 1997; Culpitt et al. 1999). Corticosteroids do not suppress neu-
trophilic inflammation in the airways and corticosteroids may prolong the sur-
vival of neutrophils (Nightingale et al. 2000). This may be an active resistance
mechanism as cytokines, such as IL-8 and TNF-a, that are normally suppressed
by corticosteroids, are not reduced even by maximal does of inhaled corticos-
teroids (Keatings et al. 1997; Culpitt et al. 1999). This resistance to the anti-in-
flammatory effects of corticosteroids is also seen at a cellular level and alveolar
macrophages from patients with COPD show little or no suppression of inflam-
matory cytokines, such as IL-8 and matrix metalloproteinase (MMP)-9, com-
pared with cells from normal smokers and non-smokers (Culpitt et al. 2002;
Russell et al. 2002). This lack of response to corticosteroids may be explained in
part by an inhibitory effect of cigarette smoking on histone deacetylases, thus
interfering with an important anti-inflammatory action of corticosteroids (Ito
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et al. 2001b). This mechanism may be mediated via oxidative stress which im-
pairs the activity of certain HDACs.

11.2
Clinical Studies

Four large studies conducted over 3 years have demonstrated no beneficial ef-
fect of inhaled corticosteroids on the decline in lung function in patients from
mild to moderate COPD (Pauwels et al. 1999; Vestbo et al. 1999; Burge et al.
2000; Lung Health Study Research Group 2000). There is some evidence for a re-
duction in more severe exacerbations with high does of inhaled corticosteroids
(Paggiaro et al. 1998; Burge et al. 2000), but the effect is small and similar to the
effect of bronchodilators in this respect. Some patients with COPD (approxi-
mately 10%) show some response to inhaled corticosteroids, and it is likely that
these are patients who have concomitant asthma. Indeed, the corticosteroid re-
sponders are more likely to have sputum eosinophils and an increase in exhaled
NO, which are features of asthmatic inflammation (Papi et al. 2000). These pa-
tients should be treated as if they have asthma. The remaining majority of pa-
tients are unlikely to derive much benefit from inhaled corticosteroids and there
are good reasons for not prescribing these drugs. They are often given in high
doses as this has a risk of systemic side effects in a vulnerable patient popula-
tion, who are elderly, relatively immobile, may have a poor diet and have comor-
bid conditions, all of which increase the risk of side effects, such as osteoporosis
and cataracts. In addition high does of inhaled corticosteroids are relatively ex-
pensive.

In the management of acute exacerbations there is evidence that oral corti-
costeroids increase the rate of recovery, although the effects are relatively small
(Davies et al. 1999; Niewoehner et al. 1999).

12
Future Directions

Inhaled corticosteroids are now used as first-line therapy for the treatment of
persistent asthma in adults and children in many countries, as they are the most
effective treatments for asthma currently available (Barnes et al. 1998). While
may patients, particularly with more severe asthma, remain undertreated, there
is also a danger of overtreatment, and may patients with mild asthma who may
require very low doses of inhaled corticosteroids are inappropriately treated
with high doses. It is essential that inhaled corticosteroids are slowly reduced to
the minimal dose required to control asthma. An important clinical develop-
ment is the recognition that asthma is better controlled by addition of an alter-
native class of treatment (long-acting inhaled S,-agonists, low-dose theophyl-
line, anti-leukotrienes) than increasing the dose of inhaled steroid. The recent
introduction of fixed combination inhalers with long-acting f,-agonists is an
important advance, as it greatly simplifies asthma management and provides
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very effective control. Improvement in techniques for the non-invasive monitor-
ing of airway inflammation may be valuable in the future for assessing the re-
quirement for inhaled corticosteroids (Kharitonov and Barnes 2001).

121
New Corticosteroids

Budesonide and FP have been important advances in inhaled corticosteroid
therapy, as they have reduced systemic effects because of greater first-pass he-
patic metabolism than BDP. New inhaled corticosteroids in development, such
as mometasone, show a similar improved profile (Prakash and Benfield 1998).
However, all currently available corticosteroids are absorbed from the lungs into
the systemic circulation and therefore inevitably have some systemic compo-
nent.

A class of steroids was developed that was metabolised in the lung, but such
so-called soft steroids, such as tipredane and butixocort, did not prove to be
clinically effective, probably because they were metabolised too rapidly in the
airways. A new steroid ciclesonide is a prodrug that releases active corticos-
teroids in the lungs after enzymatic action (Dent 2002). In addition the active
metabolite as a very high degree of protein binding in plasma, so that the con-
centrations of free steroid are low. This gives ciclesonide improved therapeutic
ration. Ciclesonide appears to have good efficacy and is now in clinical develop-
ment (Taylor et al. 1999). Steroids that are metabolised by enzymes in the circu-
lation may be the safest type of inhaled corticosteroid, and novel esterified cor-
ticosteroids are now in clinical development. However, it is still not certain
whether the anti-inflammatory effects of inhaled corticosteroids in asthma are
mediated entirely by local anti-inflammatory effects in the airways, and it is
possible that there is a systemic component, for example on bone marrow eosi-
nophil precursors or on regional lymph nodes. Furthermore, it is not clear
whether inhaled corticosteroids are distributed from their point of deposition
in the airways to more peripheral airways via the local circulation. If this is the
case then corticosteroids that are degraded by enzymes in the circulation may
not reach small airways that are inflamed in asthma.

12.2
Dissociated Steroids

Understanding the molecular mechanisms of action of corticosteroids has led to
the development of a new generation of corticosteroids. As discussed above, a
major mechanism of the anti-inflammatory effect of corticosteroids appears to
be direct inhibition of transcription factors, such as NF-xB and AP-1 that are
activated by proinflammatory cytokines (trans-repression). By contrast, the en-
docrine and metabolic effects of steroids that are responsible for the systemic
side effects of corticosteroids are likely to be mediated via DNA binding (trans-
activation). This has led to a search for novel corticosteroids that selectively
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trans-repress, thus reducing the potential risk of systemic side effects. Since cor-
ticosteroids bind to the same GR, this seems at first to be an unlikely possibility,
but while DNA binding involves a GR homodimer, interaction with transcrip-
tion factors AP-1 and NF-xB involves only a single GR. A separation of trans-ac-
tivation and trans-repression has been demonstrated using reporter gene con-
structs in transfected cells using selective mutations of the glucocorticoid recep-
tor. Furthermore, some steroids, such as the antagonist RU486, have a greater
trans-repression than trans-activation effect. Indeed, the topical steroids used in
asthma therapy today, such as FP and budesonide, appear to have more potent
trans-repression than trans-activation effects, which may account for their selec-
tion as potent anti-inflammatory agents (Adcock et al. 1999). Recently, a novel
class of steroids has been described in which there is potent trans-repression
with relatively little trans-activation. These “dissociated” steroids, including
RU24858 and RU40066, have anti-inflammatory effects in vitro (Vayssiere et al.
1997), although there is little separation of anti-inflammatory effects and sys-
temic side effects in vivo (Belvisi et al. 2001). This suggests that the development
of steroids with a greater margin of safety is possible and may even lead to the
development of oral steroids that do not have significant adverse effects (Belvisi
Brown et al. 2001).
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Abstract Many inflammatory mediators have been implicated in the pathogene-
sis of asthma, and this has led the pharmaceutical industry to develop specific
mediator antagonists and non-steroidal anti-allergy drugs as potential therapeu-
tic agents for asthma. The role of these drugs in the treatment of chronic ob-
structive pulmonary disease (COPD) is largely untested. The leukotriene-recep-
tor antagonists and the 5-lipoxygenase inhibitors have been shown to have a
mild bronchodilator effect in asthmatic patients with airflow obstruction and to
attenuate bronchoconstriction induced by exercise, allergen and aspirin. There
is also some evidence to indicate that they have anti-inflammatory actions. Sev-
eral therapeutic studies in mild to moderate asthma have shown evidence of ef-
ficacy. In clinical trials, the leukotriene-receptor antagonists zafirlukast and
montelukast and the 5-lipoxygenase inhibitor zileuton have been well tolerated.
The clinical effectiveness of the 5-lipoxygenase inhibitors and the leukotriene-
receptor antagonists appears to be quite variable between individuals. The place
of the leukotriene-receptor antagonists and 5-lipoxygenase inhibitors in asthma
management has not been fully established. Current published evidence sug-
gests a role as an alternative, but less effective first-line prophylactic agent to in-
haled corticosteroids and as an alternative second-line add-on drug to long-act-
ing B,-agonists for patients with persistent symptoms despite low-dose inhaled
corticosteroid therapy. H;-receptor antagonists have been shown to be mild
bronchodilators and to attenuate bronchoconstriction induced by exercise and
allergen. Current evidence would suggest that the antihistamines do not have a
place in the treatment of chronic persistent asthma. The cromones, sodium cro-
moglycate and nedocromil sodium, have a limited role in the management of
chronic asthma and are less effective anti-inflammatory agents than inhaled cor-
ticosteroids.

Keywords Asthma - COPD - Leukotriene receptor antagonists - Leukotriene
synthesis inhibitors - Histamine receptor antagonists - Cromones

1
Introduction

Many inflammatory mediators have been implicated in the pathogenesis of asth-
ma and this has led the pharmaceutical industry to develop specific mediator
antagonists as potential therapeutic agents for asthma. There has also been in-
terest in identifying non-steroidal anti-allergic drugs for asthma. Of particular
therapeutic importance is whether these agents can be used as alternative thera-
pies to low-dose inhaled corticosteroids and/or as add-on treatments for pa-
tients in whom asthma control remains inadequate despite inhaled corticoste-
roid therapy. The role of these drugs in the treatment of chronic obstructive pul-
monary disease (COPD) is largely untested. This chapter will review the role of
currently licensed mediator antagonists and non-steroidal anti-allergic drugs in
the treatment of asthma.
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2
Leukotriene-Receptor Antagonists and Leukotriene Synthesis Inhibitors

2.1
Leukotrienes and Asthma

The leukotrienes are inflammatory mediators that play a role in the pathogenesis of
asthma (Hay et al. 1995). The cysteinyl leukotrienes, leukotriene C,, leukotriene D,
and leukotriene E4, are synthesised from arachidonic acid by the 5-lipoxygenase
pathway in the wall of inflammatory cells such as eosinophils, alveolar macrophages
and mast cells (Fig. 1). The cysteinyl leukotrienes have several properties that might
contribute to the pathogenesis of asthma, including bronchial smooth muscle con-
traction, mucus hypersecretion and oedema formation. In addition, the leuko-
trienes can cause eosinophil recruitment and smooth muscle proliferation. Leuko-
triene A4, which is the unstable precursor of the cysteinyl leukotrienes, is generated
by neutrophils and converted to leukotriene B4 which is in turn a potent chemotac-
tic factor for neutrophils. In view of the potential involvement of leukotrienes in
airway diseases, a number of drugs have been identified that block their effects or
synthesis in the hope that these agents will be useful for the treatment of asthma.

2.2
Drugs Acting on the 5-Lipoxygenase Pathway

The effects of the leukotrienes on the lungs can be inhibited in two ways
(Fig. 1):

a. Leukotriene-receptor antagonists
There are two subtypes of cysteinyl leukotriene (Cys-LT) receptors termed
the Cys-LT, receptor and the Cys-LT, receptor. In human airway smooth

5-lipoxyenase activating <— FLAP inhibitors
. protein FLAP
Arachidonic > —
acid 1 O inhihi
! 5-lipoxygenase «—° L%;:Stlg:ors

————[ Leukotriene A, ]

Y Y

[ us, | [ e, | LT antagonists
J Montelukast

- “=1 Pranlukast

LT, receptor Zafirlukast

Fig. 1 Site of action of leukotriene synthesis inhibitors and receptor antagonists
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muscle, leukotriene C,, leukotriene Dy and leukotriene E, all act on the Cys-
LT, receptor. Montelukast, pranlukast and zafirlukast are orally active leu-
kotriene-receptor antagonists that act at the Cys-LT, receptor (Fig. 1). The
chemical structure of each of these drugs is different, although they have
similar receptor-binding affinities. They are metabolised by cytochrome
P450 enzymes in the liver and metabolites are excreted largely in bile. Pran-
lukast and zafirlukast are administered twice daily, whereas montelukast is
administered once daily at bedtime. Montelukast and zafirlukast are li-
censed worldwide for the treatment of asthma. Panlukast is approved only
in Japan. Cys-LT, receptors are present in pulmonary vascular tissue and
are not thought to be involved in the pathogenesis of asthma. Leukotriene
B, acts on a seven transmembrane-spanning receptor termed the B leuko-
triene-receptor (BLT) and mediates chemotaxis. Several LTB,4 -receptor an-
tagonists have been synthesised, but none are licensed for the treatment of
asthma or COPD.
b. Leukotriene synthesis inhibitors

Leukotriene synthesis can be blocked by inhibition of either 5-lipoxygenase
or 5-lipoxygenase-activating protein (FLAP). The 5-lipoxygenase inhibitors
block the enzyme directly, whereas the FLAP inhibitors prevent 5-lipoxyge-
nase binding with FLAP on the nuclear membrane (Fig. 1). The orally active
5-lipoxygenase inhibitor zileuton is to date the only compound licensed for
use in asthma and is approved only in the United States. In addition to in-
hibiting the production of the cysteinyl leukotrienes, the 5-lipoxygenase in-
hibitors also prevent the formation of leukotriene B4 and other 5-lipoxyge-
nase products. The clinical importance of the additional pharmacological
effects of 5-lipoxygenase inhibitors compared to leukotriene-receptor an-
tagonists is uncertain.

2.3
Effect of Drugs Modifying the 5-Lipoxygenase Pathway on Inflammation in Man

In a mouse model of allergen-induced chronic inflammation and fibrosis, leuko-
triene-receptor antagonist treatment reduced airway eosinophil infiltration and
mucus plugging as well as changes of airway remodelling including smooth
muscle hyperplasia and subepithelial fibrosis (Henderson et al. 2002). A limited
number of studies have investigated the effects of drugs modifying the 5-lipoxy-
genase pathway on inflammatory responses in asthma. The leukotriene-receptor
antagonist montelukast had no effect on allergen-induced increases in sputum
eosinophil counts when administered for 36 h before allergen exposure'
(Diamant et al. 1999), whereas more prolonged treatment for 4 weeks decreased
sputum eosinophil counts induced by allergen challenge (Pizzichini et al. 1999).
The leukotriene-receptor antagonist zafirlukast, when administered at a dosage
of 20 mg twice daily for 1 week, reduced bronchoalveolar lavage lymphocyte
and basophil counts, but not eosinophil influx, 48 h after segmental allergen
challenge (Calhoun et al. 1998). A preliminary report of a study that used a sim-
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ilar protocol, but with zafirlukast administered at a higher dosage of 160 mg
twice daily, found reduced eosinophil influx 48 h following segmental allergen
challenge (Calhoun et al. 1997). Raised exhaled nitric oxide concentrations in
children with asthma are reduced by montelukast (Bisgaard et al. 1999).

The 5-lipoxygenase inhibitor zileuton decreases nocturnal bronchoalveolar
lavage eosinophil counts in patients with nocturnal asthma (Wenzel et al. 1995)
and the influx of eosinophils following segmental allergen challenge (Kane et al.
1996), particularly in a subset of asthmatics in whom leukotriene levels are
raised within the airways by allergen (Hasday et al. 2000). Furthermore, chronic
treatment with leukotriene-receptor antagonists or zileuton reduces circulating
blood eosinophil counts (Liu et al. 1996; Reiss et al. 1998; Pizzichini et al. 1999;
Simons et al. 2001). A number of studies have found that zileuton suppresses
urinary leukotriene E4 excretion (Hui et al. 1991; Israel et al. 1993a,b).

Taken together these findings indicate that drugs modifying the 5-lipoxyge-
nase pathway have some anti-inflammatory activity in asthma.

24
Bronchial Challenge Studies

Both leukotriene-receptor antagonists and 5-lipoxygenase inhibitors attenuate
the bronchoconstrictor response to a number of trigger factors including aller-
gen, exercise, cold air and aspirin (Chung 1995; McGill and Busse 1996; Drazen
et al. 1999a). In addition, a single dose of zileuton attenuates bronchial reactivi-
ty to histamine and to ultrasonically nebulised distilled water (Dekhuijzen et al.
1997).

a. Allergen-induced asthma
The leukotriene-receptor antagonist zafirlukast administered in a single
oral dose 2 h before allergen challenge inhibited the early response by 80%
and the late response by 50% (Taylor et al. 1991). Zafirlukast, 20 mg twice
daily for 1 week, demonstrated a significant protective effect on symptoms
of asthma and alterations in pulmonary function induced by natural cat ex-
posure (Corren et al. 2001). Similar results to those obtained with zafir-
lukast on acute allergen challenge have been reported with montelukast
(Diamant et al. 1999). A single 800-mg dose of the 5-lipoxygenase inhibitor
zileuton had no effect on either the early or late response to allergen (Hui et
al. 1991).

b. Exercise-induced asthma
Montelukast and zafirlukast attenuate exercise-induced asthma in both chil-
dren and adults (Finnerty et al. 1992; Kemp et al. 1998; Leff et al. 1998; Edel-
man et al. 2000). The mean maximal percentage fall in forced expiratory
volume in 1 s (FEV,) after exercise following a single dose of zafirlukast was
22% compared to 36% after placebo, although the degree of protection
against exercise-induced asthma varied between individuals (Finnerty et al.
1992). Following 3 months treatment with montelukast, the maximal fall in
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Fig. 2 Effect of montelukast (top) or salmeterol (bottom) on FEV, after exercise. The mean response
curves are shown for percentage change in FEV; from pre-challenge FEV; at baseline (circles), days 1
and 3 (triangles), week 4 (squares), and week 8 (diamonds) after study treatment. (Reproduced from
Edelman et al. 2000)

FEV, after exercise was 22% compared to 32% after placebo (Leff et al.
1998). The results remained consistent throughout the study and tolerance
did not develop. In patients with mild asthma who were not receiving in-
haled corticosteroid therapy, the inhaled long-acting f3,-agonist salmeterol,
but not montelukast, showed attenuation of bronchoprotection after 4 and
8 weeks of treatment (Edelman et al. 2000) (Fig. 2). Acute and long-term
treatment with zileuton has been shown to decrease the response to isocap-
nic hyperventilation (Fischer et al. 1995).
c. Aspirin-induced asthma

Aspirin-intolerant asthma is associated with elevated formation of the cys-
teinyl leukotrienes and this may be related to up-regulation of leukotriene
C, synthase. Both 5-lipoxygenase inhibitors and leukotriene-receptor antag-
onists effectively inhibit acute aspirin-induced bronchoconstriction (Chung
1995). Pre-treatment with zileuton for 1 week not only prevented the fall in
FEV, after aspirin challenge but also reduced urinary leukotriene E4 levels
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at baseline and after aspirin challenge (Israel et al. 1993a). Pretreatment
with zileuton also blocked nasal, gastrointestinal and dermal symptoms.

25
Effect on Baseline Lung Function

The finding that drugs that modify the 5-lipoxygenase pathway can cause mild
bronchodilation suggests that leukotrienes released within the airways con-
tribute to bronchoconstriction in asthma (Hui and Barnes 1991; Israel et al.
1993b; Reiss et al. 1997; Dockhorn et al. 2000). A single 40-mg oral dose of zafir-
lukast produced a small bronchodilator effect, increasing the mean FEV; value
by 8% (Hui and Barnes 1991). In this study the increase in FEV, after nebulised
salbutamol and zafirlukast was 26% compared to 18% after nebulised salbuta-
mol and placebo. This finding suggests that the bronchodilator effect of ,-ago-
nists and leukotriene-receptor antagonists might be additive. Single oral doses
of montelukast cause bronchodilation irrespective of the concurrent use of in-
haled corticosteroids in asthmatic subjects with airflow limitation (Reiss et al.
1997). The finding that intravenous montelukast produces a rapid onset of bron-
chodilation raises the possibility that leukotriene-receptor antagonists might
have a role as a treatment for acute asthma (Dockhorn et al. 2000). In a group of
139 asthmatic patients whose baseline FEV, values were approximately 60% of
predicted, a single 600-mg dose of zileuton increased mean FEV, values by
14.6% at 1 h, which was significantly greater than the change with placebo
(Israel et al. 1993b). Further improvements in FEV; values occurred during the
following 4 weeks of chronic dosing with zileuton.

2.6
Therapeutic Effects in Chronic Asthma

2.6.1
Efficacy

a. Comparison with placebo
The leukotriene-receptor antagonists, montelukast and zafirlukast have
been shown to be effective anti-asthma agents in both children and adults
(Spector et al. 1994; Suissa et al. 1997; Knorr et al. 1998; Noonan et al. 1998;
Reiss et al. 1998; Barnes et al. 2001; Knorr et al. 2001). In a 6-week trial of
zafirlukast, significant improvements in symptoms and lung function were
seen in the highest dose group (40 mg daily) (Spector et al. 1994). Treat-
ment with zafirlukast in a dosage of 40 mg daily for 3 months was also
found to reduce the rate of exacerbations of asthma (Suissa et al. 1997). In a
group of 681 adult patients with chronic stable asthma, 23% of whom were
receiving inhaled corticosteroids, montelukast, compared with placebo, sig-
nificantly improved asthma control (FEV,, morning and evening PEF, asth-
ma symptoms and exacerbation rates) during a 3-month treatment period
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Fig. 3 The mean percentage change from baseline in FEV, in patients receiving inhaled fluticasone (FP;
triangles) or oral montelukast (MON; diamonds) during a 24-week treatment period. * p< 0.001, FP vs.
montelukast. BL, baseline; £7, endpoint. (Reproduced from Busse et al. 2001a)

(Reiss et al. 1998). Montelukast produces dose-related improvements in
asthma control in patients with mild persistent asthma (Noonan et al. 1998;
Barnes et al. 2001). Montelukast has also been shown to improve asthma
control in 6- to 14-year-old children with chronic asthma (Knorr et al.
1998) as well as in younger asthmatic children aged 2 to 5 years (Knorr et
al. 2001).

Three large multicentre trials using zileuton in mild to moderate chronic
asthma have shown evidence of efficacy (Israel et al. 1993b; Israel et al.
1996; Liu et al. 1996). The duration of the trials were 4, 13 and 26 weeks, re-
spectively, and each employed a double-blind, parallel group, placebo-con-
trolled study design. Zileuton was shown to improve daily symptoms of
asthma, night waking and peak expiratory flow measurements, and to re-
duce the use of rescue inhaled f,-agonists and the number of exacerbations
of asthma requiring corticosteroids. In general, the 5-lipoxygenase in-
hibitors and leukotriene-receptor antagonists appear to produce similar
clinical effects, although to date there have been no comparative studies.
Comparison with inhaled corticosteroids

The clinical efficacy of montelukast and zafirlukast appears to be slightly
less than that seen with low doses of inhaled corticosteroids (equivalent
to 400 mcg daily of inhaled beclomethasone) (Laviolette et al. 1999;
Malmstrom et al. 1999; Bleeker et al. 2000; Busse et al. 2001a,b; Ducharme
and Hicks 2001) (Fig. 3). In a group of 895 adult patients with chronic sta-
ble asthma, montelukast 10 mg once daily compared with inhaled beclo-
methasone 200 ug twice daily, increased mean FEV; values by 7.5% com-
pared to the larger increase of 13.3% after the inhaled corticosteroid follow-
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ing a 3-month treatment period (Malmstrom et al. 1999). Multi-centre ran-
domised controlled trial of zafirlukast (20 mg twice daily) or montelukast
(10 mg once daily) for 3 and 6 months, respectively, when compared to in-
haled fluticasone (100 g twice daily) found that the improvement in asth-
ma control was greater in the inhaled corticosteroid groups (Bleeker et al.
2000; Busse et al. 2001a,b). A Cochrane systematic review of randomised
controlled trials identified up until 1999 concluded that leukotriene-recep-
tor antagonist treatment had a similar rate of exacerbations compared to in-
haled corticosteroids. Inhaled corticosteroids, however, produced better
lung function and quality of life, as well as a reduction in both symptoms
and rescue B,-agonist usage (Ducharme and Hicks 2001).

. As an add-on therapy

The efficacy of leukotriene-receptor antagonists as add-on treatment to in-
haled corticosteroids has been assessed using a number of different proto-
cols.

. As an add-on to low dose inhaled corticosteroids: In a randomised, placebo-
controlled, parallel group trial lasting 16 weeks, of 642 adult asthmatic pa-
tients not adequately controlled on inhaled beclomethasone (400 mcg dai-
ly), the addition of montelukast 10 mg daily resulted in an improvement in
mean FEV, of 5.43% compared to 1.04% for inhaled corticosteroids alone
and also caused modest improvements in peak expiratory flow (PEF) and
reductions in f,-agonist use (Laviolette et al. 1999). Montelukast 5 mg daily
when added to inhaled budesonide (400 mcg daily) in children with persis-
tent asthma produced modest improvements in PEF and reductions in f,-
agonist use over a 4-week treatment period (Simons et al. 2001). The results
of these published studies suggest a modest effect of licensed doses of mon-
telukast in symptomatic children and adults. However, a Cochrane system-
atic review of published and unpublished randomised controlled trials iden-
tified up until 2001 of leukotriene-receptor antagonists as add-on therapy
in chronic asthma, concluded that there was insufficient evidence to firmly
support the use of leukotriene-receptor antagonists as add-on therapy to in-
haled corticosteroids (Ducharme et al. 2002).

. To allow tapering of inhaled corticosteroids: Several short-term studies have
reported modest inhaled corticosteroid sparing effects with the addition of
montelukast daily for 12 weeks (Lofdahl et al. 1999) or pranlukast adminis-
tered daily for 6 weeks (Tamaoki et al. 1997). In general, the addition of leu-
kotriene-receptor antagonists may be associated with superior asthma con-
trol after corticosteroid tapering, but a corticosteroid-sparing effect cannot
be quantified at present (Ducharme et al. 2002).

. As an add-on to low-dose inhaled corticosteroids versus double dose of in-
haled corticosteroid: A Cochrane systematic review of randomised con-
trolled trials identified up until 2001concluded that the addition of a leuko-
triene-receptor antagonist cannot be recommended as a substitute for in-
creasing the dose of inhaled corticosteroid (Ducharme et al. 2002).
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4. As an add-on to low-dose inhaled corticosteroids versus the addition of long-
acting Br-agonist to inhaled corticosteroids: A randomised controlled trial of
inhaled salmeterol (50 mcg twice daily) compared to zafirlukast (20 mg
twice daily) found that the long-acting inhaled f,-agonists was more effec-
tive in terms of improving pulmonary function and symptom control in a
group of 301 patients aged above 12 years with persistent asthma (Busse et
al. 1999). The majority of patients in this study were receiving inhaled corti-
costeroids. A 12-week study in 447 asthmatic patients comparing the com-
bination of fluticasone 100 mcg plus salmeterol 50 mcg twice daily, with flu-
ticasone 100 mcg twice daily plus montelukast 10 mg daily, found the for-
mer combination produced greater improvement in asthma control (Nelson
et al. 2000). A study in a small group of 20 patients with persistent asthma
found that the addition of montelukast or inhaled salmeterol over a 2-week
treatment period produced similar improvements in the asthma control of
patients not controlled with inhaled corticosteroids, but only montelukast
therapy reduced blood eosinophil counts (Wilson et al. 2001).

5. As an add-on to low-dose inhaled corticosteroids versus other add-on thera-
pies: The efficacy and adverse effect profile of anti-leukotrienes with other
add-on therapies such as oral slow release f3,-agonists or oral slow-release
xanthines has not been reported.

6. As an add-on to high-dose inhaled corticosteroids plus other add-on thera-
pies: In a group of 72 patients with symptomatic chronic persistent asthma
already taking high-dose inhaled corticosteroids and other add-on thera-
pies such as long-acting inhaled f,-agonists the addition of montelukast for
2 weeks did not improve symptoms or PEF recordings (Robinson et al.
2001). This result suggests that leukotriene-receptor antagonists might be
less effective or ineffective in patients with moderate or severe asthma.
However, zafirlukast administered for 6 weeks, at an unlicensed dose of
80 mg twice daily, was found to improve asthma control as assessed by re-
duced exacerbations, improvements in PEF readings and reduction in both
Ba-agonist usage and symptoms in patients with severe persistent asthma
receiving high-dose inhaled corticosteroids (>1,200 mcg daily) (Virchow et
al. 2000). It is possible that patients with chronic severe asthma may require
higher than currently licensed doses of leukotriene-receptor antagonists.

d. Influence of asthmatic phenotype on efficacy
In aspirin-sensitive asthma, chronic dosing with montelukast for 4 weeks
(Dahlen et al. 2002) or with zileuton for 6 weeks (Dahlen et al. 1998) has
been shown to improve asthma control over that achieved with medium to
high doses of inhaled corticosteroids. These findings are of interest in view
of the observation that corticosteroids do not inhibit leukotriene formation
in vivo (O’Shaughnessy et al. 1993) and aspirin-intolerant asthma is associ-
ated with increased formation of the cysteinyl leukotrienes. However, the
therapeutic response to montelukast did not correlate with baseline urinary
leukotriene E; concentrations (Dahlen et al. 2002). Interestingly, naturally
occurring mutations in the 5-lipoxygenase gene may influence the clinical
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response to drugs modifying the 5-lipoxygenase pathway such as zileuton
(Drazen et al. 1999b).

2.6.2
Adverse Effects

In clinical trials, the leukotriene-receptor antagonists zafirlukast and mon-
telukast and the 5-lipoxygenase inhibitor zileuton have been well tolerated. The
main side effects reported with the use of zafirlukast include headache and gas-
trointestinal disturbance. Zafirlukast can interact with other drugs including
warfarin (increases the prothrombin time by approximately 35%), aspirin (in-
crease in plasma levels of zafirlukast by approximately 45%), theophylline (de-
crease in plasma levels of zafirlukast by approximately 30%), and erythromycin
(decrease in plasma levels of zafirlukast by approximately 40%). Cigarette smok-
ers exhibit increased clearance of zafirlukast. In clinical trials with montelukast,
abdominal pain and headache were reported in more than 1% of patients, al-
though the incidence was only slightly higher from those receiving placebo.
Zileuton has been associated with rises in liver enzymes that return to normal
on stopping the drug (Israel et al. 1993b, 1996). The incidence of zileuton-in-
duced hepatitis is approximately 3%. In the USA, the Food and Drug Adminis-
tration (FDA) recommends that liver function tests be monitored every 2 weeks
during the first year of treatment.

The administration of the leukotriene-receptor antagonist zafirlukast has
been associated with the emergence of the Churg-Strauss syndrome (Stirling
and Chung 1999). Six patients developed the Churg-Strauss syndrome while tak-
ing zafirlukast (Josefson 1997) and further cases have been reported both with
the use of zafirlukast (Wechsier et al. 1998) and montelukast (Tuggery and
Hosker 2000). In each case, the patient was reducing their dose of oral corticos-
teroids for asthma. There is no proof of a causal relationship between the
Churg-Strauss syndrome and these drugs. It is likely that the reduction in oral
corticosteroid dose by these patients resulted in unmasking the syndrome. Nev-
ertheless, it is advisable that patients with chronic oral corticosteroid-dependent
asthma who are receiving a leukotriene-receptor antagonist are monitored care-
fully when oral corticosteroid reduction is being considered.

2.7
Conclusions

In asthma, the leukotriene-receptor antagonists and the 5-lipoxygenase in-
hibitors have been shown to have a mild bronchodilator effect in patients with
airflow obstruction and to attenuate bronchoconstriction induced by exercise,
allergen and aspirin. There is also some evidence to indicate that they have anti-
inflammatory actions. Several therapeutic studies in mild to moderate asthma
have shown evidence of efficacy. A theoretical advantage of the oral formulation
of these drugs, and for some agents the infrequent dose scheduling, is an im-
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proved concordance with therapy. Systemic administration of drugs acting on
the 5-lipoxygenase pathway may also improve co-existing diseases such as aller-
gic rhinitis. The effect of drugs that modify the 5-lipoxygenase pathway in
COPD has not been reported.

The clinical effectiveness of the 5-lipoxygenase inhibitors and the leuko-
triene-receptor antagonists appears to be quite variable between individuals. To
date, there are few known predictors of response to therapy, although naturally
occurring mutations in the 5-lipoxygenase gene may confer a poor clinical re-
sponse to zileuton. The involvement of leukotrienes in aspirin-intolerant asthma
and the beneficial effect of these agents in clinical trials would suggest that asth-
matic patients intolerant of aspirin would respond particularly well to treatment
with anti-leukotrienes. However to date, the effect of 5-lypoxygenase-modifying
drugs have not been compared between aspirin-intolerant and aspirin-tolerant
patients with asthma of similar severity and baseline treatment.

The place of the leukotriene-receptor antagonists and 5-lipoxygenase in-
hibitors in asthma management has not been fully established. Current pub-
lished evidence suggests a role as alternative, but less effective first-line prophy-
lactic agents to inhaled corticosteroids and as an alternative second-line add-on
drug to long-acting B,-agonists for patients with persistent symptoms despite
low-dose inhaled corticosteroid therapy. The role of the leukotriene-receptor
antagonists and the 5-lipoxygenase inhibitors in moderate to severe asthma is
less well established.

3
Histamine Receptor Antagonists

3.1
Histamine and Asthma

Histamine is an inflammatory mediator that plays a role in allergic reactions;
particularly allergen-induced early phase reactions (Chung and Barnes 1998).
The majority of histamine is stored preformed in cytoplasmic granules of mast
cells and basophils. Many stimuli, including antigen, cause mast cell degranula-
tion and histamine release. Histamine has several properties that might con-
tribute to the pathogenesis of asthma including bronchial smooth muscle con-
traction, increased vascular permeability leading to mucosal oedema, and mu-
cus hypersecretion. In view of the potential involvement of histamine in airway
disease, a number of histamine-receptor antagonists have been assessed for the
treatment of asthma.

3.2
Histamine Receptor Antagonists

Four subtypes of histamine receptor (H;, H,, Hs, Hy) have been identified
(Alexander et al. 2001). Clinical studies evaluating the efficacy of histamine-re-
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ceptor antagonists in asthma have concentrated predominately on drugs acting
at the H; receptor, which mediates bronchoconstriction and microvascular leak-
age. Non-sedating antihistamines, such as astemizole, azelastine, cetirizine, lo-
ratadine and terfenadine act as histamine H;-receptor antagonists. A number of
these compounds possess additional pharmacological properties (Chung and
Barnes 1998; Holgate 1999; Leurs et al. 2002). For example, cetirizine has been
reported to inhibit eosinophil chemotaxis in vitro and adhesion molecule ex-
pression by epithelial cells in vivo (Walsh 1997) and loratadine inhibits leuko-
triene release (Temple et al. 1988). H-receptor antagonists have also been
shown to down-regulate nuclear factor (NF)-xB expression (Leurs et al. 2002).
Ketotifen inhibits in vitro mediator release from mast cells and possibly from
other inflammatory cells and reverses f-adrenergic tachyphylaxis. The exact
mode of action of ketotifen in vivo is uncertain, although the main pharmaco-
logical effects are likely to be due to H;-receptor antagonism (Craps 1985; Grant
et al. 1990).

33
Effect of Histamine Receptor Antagonists on Inflammation in Asthma

The importance of the possible anti-inflammatory actions of antihistamines
demonstrated in vitro is unclear. There have been very few studies that have ex-
amined the effects of H;-receptor antagonists on inflammation in asthma using
either invasive or non-invasive assessments of airway pathology. In one small
study, pre-treatment with cetirizine for 8 days reduced bronchoalveolar lavage
eosinophil numbers in late asthmatic responders, 24 h after allergen challenge
(Redier et al. 1992).

34
Bronchial Challenge Studies

Anti-histamines have been shown to attenuate early and late responses to aller-
gen, although the combination of Hj-receptor antagonists, loratadine and the
leukotriene-receptor antagonist zafirlukast was found to be more effective than
either drug alone (Roquet et al. 1997). Hj-receptor antagonists also inhibit exer-
cise-induced asthma (Patel 1991) and bronchoconstriction mediated by cold-air
challenge (O’Byrne et al. 1983). Pre-treatment with oral terfenadine attenuates
adenosine-induced bronchoconstriction in smokers with COPD (Rutgers et al.
1999).

3.5
Effect on Baseline Lung Function

H,-receptor antagonists administered both orally or by inhalation cause modest
bronchodilation in patients with asthma (Thomson and Kerr 1980; Chung and
Barnes 1998).
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3.6
Therapeutic Effects in Chronic Asthma

3.6.1
Efficacy

In a small number of clinical trials in chronic or seasonal asthma, cetirizine, lo-
ratadine and terfenadine have been shown to cause slight reductions in symp-
toms and/or in the use of rescue inhaled f3,-agonists (Simons 1999). Azelastine
was shown to slightly reduce the need for inhaled corticosteroids (Busse et al.
1996). Ketotifen has been found to be of little value in the treatment of asthma
in adults (Grant et al. 1990), although improvements in both symptoms and in-
haled f,-agonist usage were reported in children with asthma (Rackham et al.
1989). A meta-analysis of 19 randomised controlled trials found that antihis-
tamines had little effect on lung function or on the use of inhaled f,-agonists
and that sedation occurred more often than with placebo (Van Ganse et al.
1997) (Fig. 4). The systematic review concluded that antihistamines were not of
value in the treatment of asthma.

In a 2-week study of 117 adult patients with chronic asthma, the combination
of the leukotriene-receptor antagonist montelukast (10 mg daily—licensed
dose) and the H;-receptor antagonist loratadine (20 mg daily—higher than li-
censed dose) compared to montelukast alone produced slight improvements in
lung function, asthma symptoms and inhaled f,-agonist use (Reicin et al. 2000).
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Fig. 4 Meta-analysis of the effectiveness of H;-receptor antagonists in adults with asthma. Sensitivity
analyses on mean effect size (morning PEF). Bars indicate the 95% confidence interval. Study groups
are as: (1) mild asthma (6 trials); (2) mild-moderate asthma (4 trials); (3) moderate-severe asthma (5
trials); (4) quality scoring >70%; (3 trials); (5) all ketotifen studies (5 trials); (6) all trials with “new”
antihistamines (10 trials); (7) all studies that excluded oral/inhaled corticosteroids (8 trials); and (8) all
studies except corticosteroid-sparing trials (14 trials). (Reproduced from Van Ganse et al. 1997)
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3.6.2
Adverse Effects

On starting therapy, drowsiness occurs in 15%-20% of patients, but this effect
usually disappears. Arrhythmias have been associated with astemizole and ter-
fenadine use as well as rare reports of sudden death. These drugs are known to
act on cardiac potassium channels and to prolong the QT interval. Astemizole is
no longer licensed because of the severity of cardiac adverse effects.

3.7
Conclusions

In asthma, the H;-receptor antagonists have been shown to have a mild bron-
chodilator effect and to attenuate bronchoconstriction induced by exercise and
allergen. There is minimal evidence to indicate that they have anti-inflammatory
actions in asthma. Therapeutic studies in mild to moderate asthma have shown
little evidence of efficacy. Current evidence would suggest that the antihis-
tamines do not have a place in the treatment of chronic persistent asthma. The
role of combination therapy with H;-receptor antagonist and leukotriene-recep-
tor antagonist in chronic asthma therapy remains to be established. There is no
evidence to support a role for Hj-receptor antagonists in the treatment of
COPD.

4
Cromones

The cromones, sodium cromoglycate and nedocromil sodium, are often referred
to as anti-allergy or non-steroidal anti-asthma drugs. These drugs have different
chemical structures, but their mode of action and therapeutic effects are very
similar (Gonzalez and Brogden 1987; Thomson 1989; Norris and Alton 1996).

4.1
Mode of Action

The mode of action of the cromones has not been clearly established. Both
drugs act as non-specific chloride channel blockers in a large range of cell types
and through this action these compounds may reduce alterations in cell volume
and function. (Norris and Alton 1996). Sodium cromoglycate and nedocromil
sodium may also have inhibitory effects on sensory nerve endings in the lung,
thus preventing the release of tachykinins.
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4.2

Effect of Cromones on Inflammation

a.

4.3

In vitro and in vivo animal studies

In vitro studies of human inflammatory cells and in vivo studies in experi-
mental animals have shown that both drugs inhibit functions of a variety of
inflammatory cells including mast cells, eosinophils, neutrophils, platelets
and alveolar macrophages (see Thomson 1989; Norris and Alton 1996; Cor-
in 2000). Nedocromil sodium has either similar or slightly greater potency
to that of sodium cromoglycate. Sodium cromoglycate inhibits degranula-
tion of mast cells triggered by immunological and non-immunological
stimuli. Pre-treatment of eosinophils and neutrophils with sodium cromo-
glycate inhibits certain cell responses such as complement (C3b) and IgG
(Fc) receptor expression and cytotoxicity against schistosomula (Kay et al.
1987). Sodium cromoglycate also has inhibitory effects in vitro on alveolar
macrophage function. Nedocromil sodium can inhibit anti-human IgE his-
tamine release from mast cells obtained by bronchoalveolar lavage, and it
has been shown to be more active against these mast cells than against pa-
renchymal-derived mast cells. The platelets of patients with aspirin-induced
asthma demonstrate increased cytotoxicity against schistosomula in the
presence of aspirin and other non-steroidal anti-inflammatory drugs. This
response is inhibited by nedocromil sodium, whereas sodium cromoglycate
demonstrates markedly reduced potency in this system. Taken together,
these data would suggest that these drugs possess properties that might re-
duce components of airway inflammation in asthma.

Clinical evidence for anti-inflammatory actions

There is limited and conflicting evidence for anti-inflammatory effects of
sodium cromoglycate and nedocromil sodium in asthma. Chronic treat-
ment with sodium cromoglycate has been shown to significantly reduce the
percentage of eosinophils in bronchial alveolar lavage specimens following
4 weeks of treatment (Diaz et al. 1984). An open study of 12 weeks treat-
ment with inhaled sodium cromoglycate reported a reduction in the num-
bers of eosinophils, mast cells and T lymphocytes and in the expression of
adhesion molecules in bronchial biopsy specimens from 9 patients with
atopic asthma (Hoshino and Nakamura 1997). A randomised controlled tri-
al of nedocromil sodium for a period of 16 weeks in mild to moderate asth-
ma, however, found no significant change in bronchial biopsy eosinophil
counts compared to the placebo group (Manolitsas et al. 1995).

Bronchial Challenge Studies

In both children and adults pre-treatment with sodium cromoglycate has been
shown to reduce bronchoconstriction following allergen challenge and after
non-allergic stimuli such as exercise (see Holgate 1996a; Thomson et al. 1978).
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Sodium cromoglycate can inhibit allergen induced early and late asthmatic re-
sponses and the increase in histamine reactivity that is associated with late asth-
matic responses. The seasonal increase in non-allergic bronchial reactivity can
be prevented by sodium cromoglycate treatment. The results of studies examin-
ing the effects of sodium cromoglycate therapy on non-seasonal bronchial hy-
perreactivity have produced conflicting results; any reduction in bronchial reac-
tivity is likely to be very small.

Nedocromil sodium also attenuates the bronchoconstrictor response induced
by exercise (Roberts and Thomson 1985; Spooner et al. 2002), cold air and the
early and late response to allergen (see Thomson 1989). The increase in hista-
mine reactivity that occurs during the pollen season in pollen-sensitive patients
can be attenuated by nedocromil sodium (Dorward et al. 1986). Nedocromil so-
dium can also produce small reductions in non-seasonal bronchial reactivity
(Svendsen et al. 1989; Bel et al. 1990). Sodium cromoglycate and nedocromil so-
dium are equally effective in attenuating exercise-induced asthma (Kelly et al.
2000).

4.4
Effect on Baseline Lung Function

The cromones do not have an acute bronchodilator action (Thomson et al.
1981)

4.5
Therapeutic Effects in Chronic Asthma

451
Efficacy

a. Comparison with placebo
In both paediatric and adult asthma, treatment with inhaled sodium cromo-
glycate has been shown to improve asthma control (Brompton Hospital/
Medical Research Council Collaborative Trial 1972; Eigen et al. 1987; see
Carlsen and Larsson 1996). Both atopic and non-atopic asthmatic patients
have been shown to respond to sodium cromoglycate treatment. A recent
systematic review of 24 randomised controlled trials, however, questioned
the efficacy of sodium cromoglycate in children with asthma and concluded
that it was no longer justified to recommend sodium cromoglycate as a
first-line prophylactic agent in chronic childhood asthma (Tasche et al.
1997, 2000) (Fig. 5). Studies comparing nedocromil sodium with placebo
have demonstrated efficacy in both children and adult asthmatic patients
(Edwards and Stevens 1993; see Holgate 1996b).

b. Comparison with inhaled steroids
The results of most short- to medium-term studies suggest that the im-
provement in asthma control produced by the cromones is less than that
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produced by low doses of inhaled corticosteroids (equivalent to 400 mcg
daily of inhaled beclomethasone) (Svendsen et al. 1989; Bel et al. 1990;
Faurschou et al. 1994; Childhood Asthma Management Program Research
Group 2000). The differences in results between studies may be explained
in part by the dose of sodium cromoglycate or nedocromil sodium admin-
istered, e.g. nedocromil sodium 8 mg or 16 mg daily and the severity of
asthma. A large long-term randomised controlled trial in 1,041 children
aged 5 to 12 years with mild to moderate asthma compared the anti-asthma
effects of 200 mcg of budesonide, 8 mg of nedocromil, or placebo twice dai-
ly over a 4- to 6-year period (Childhood Asthma Management Program Re-
search Group 2000). Inhaled budesonide provided better control of asthma
and improved airway responsiveness when compared with placebo or ne-
docromil. Neither drug was better than placebo in terms of lung function.
Several studies have reported that nedocromil sodium can partially replace
inhaled corticosteroids (Lal et al. 1984; Fyans et al. 1986), but not when the
corticosteroid is withdrawn over a period of a few weeks (Ruffin et al.
1987). The addition of inhaled nedocromil sodium to asthmatic patients
with symptoms poorly controlled by high-dose inhaled corticosteroids



Mediator Antagonists and Anti-Allergic Drugs 143

(>1,000 mcg daily) has been reported to produce only minor improvements
in asthma control (Svendsen and Jorgensen 1991).
¢. Oral corticosteroid sparing effect

Nedocromil sodium does not appear to have a clinical relevant oral cortico-
steroid sparing effect. In a study reported by Goldin and Bateman (1988),
the total corticosteroid reduction in the nedocromil sodium-treated group
(2.5 mg) was not significantly different from that in the placebo-treated
group (3 mg). Boulet et al. (1990) reported a minor oral steroid sparing ac-
tion of nedocromil sodium.

Comparison of Sodium Cromoglycate and Nedocromil Sodium. A small number
of clinical trials in adult asthma have compared the two cromones and in most
studies the therapeutic effects were found to be comparable (Boldy and Ayres
1993; Schwartz et al. 1996).

COPD. Both sodium cromoglycate and nedocromil sodium are considered to be
ineffective in the treatment of COPD, although there are very few published
studies (ERS Consensus Statement 1995). A randomised controlled study in pa-
tients with COPD reported that nedocromil sodium treatment for 10 weeks had
no effect on symptoms, lung function or airway responsiveness to histamine
and adenosine. However, the number of dropouts because of exacerbations was
fewer with nedocromil sodium compared to placebo (de Jong et al. 1994).

4.5.2
Adverse Effects

Sodium cromoglycate is a safe drug and uncommonly causes side effects. Very
occasionally it can cause acute bronchoconstriction in a sensitive individual
and some patients may notice slight cough or irritation of the throat following
inhalation. Occasional complaints of nausea and headaches have been reported.
Nedocromil sodium has not been associated with any severe side effects. The
main side effects reported include a distinctive bitter taste, headache and nau-
sea.

4.6
Conclusions

The cromones have a limited role in the management of chronic asthma. The
National Institutes of Health expert panel report on the Guidelines for the Diag-
nosis and Management of Asthma (1997) suggest that sodium cromoglycate or
nedocromil sodium may be considered as initial prophylactic therapy for chil-
dren and as preventative treatment prior to exercise or unavoidable exposure to
known allergens. The report emphasises that safety is the primary advantage of
these drugs. The British Guidelines on Asthma Management (2003) recommend
the cromones as alternative, but less effective anti-inflammatory agents, com-
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pared to low-dose inhaled corticosteroids. Most studies suggest that the im-
provements in asthma control resulting from sodium cromoglycate or ne-
docromil sodium treatment are less than those produced by low doses of in-
haled corticosteroids (equivalent to 400 mcg daily of inhaled beclomethasone).
The need for 3- or 4-times daily dosing is a major disadvantage when compared
to twice- or even once-daily dosing with inhaled corticosteroids. Taken together,
the data would indicate that the cromones are not of clinical benefit as addition-
al therapy for patients already receiving inhaled or systemic corticosteroids.
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Abstract f,-Adrenoceptor agonists are the gold standard for the symptomatic
treatment of asthma, resulting in quick and effective bronchodilator relief, al-
though they are not completely free from side-effects. A range of different phar-
macological approaches is being actively pursued in order to achieve relaxation
of airway smooth muscle comparable to that seen with 3,-adrenoceptor agonists
and by mechanisms distinct from activation of the f-adrenoceptor without at-
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tendant side-effects. These various approaches include signalling via vasoactive
intestinal polypeptide (VIP) receptors, activation of soluble and particulate gua-
nylyl cyclase, inhibition of phosphodiesterase (PDE)3 and opening of potassium
channels. The pharmacology, clinical experience and merit of each of these nov-
el approaches are discussed.

Keywords VIP - Nitric oxide - Airway smooth muscle - Potassium channels -
ANF - PDE3 - Relaxation

1
Introduction

B.-Adrenoceptor agonists are the mainstay for the treatment of asthma, effective
in providing symptomatic relief to a wide range of allergic (e.g. house dust mite)
and non-allergic (e.g. cold air, fog, exercise, pollutants) stimuli. Whilst j3,-adre-
noceptor agonists remain the drug of choice in the symptomatic treatment of
asthma, this class of drug is not free from side-effects including tremor, hy-
pokalaemia and tachycardia. There are also concerns that the over-reliance on
the use of B,-adrenoceptor agonists may lead to an increase in asthma morbidi-
ty (Sears 2001). Furthermore, it is recognized that polymorphisms in the 3,-ad-
renoceptor protein may confer a reduction in the efficacy of these agents in
some patients (Martinez et al. 1997). The possibility therefore of developing
non-f,-agonist bronchodilators free from such deficiencies is currently under
investigation. A number of endogenous processes exist within the lung that,
when activated, appear to play a role in down regulating airway smooth muscle
function (Fig. 1). This chapter will review the literature concerning the utility of
exploiting a number of these mechanisms for the development of potentially
new bronchodilator agents for the treatment of respiratory diseases such as
asthma and chronic obstructive pulmonary disease.

2
Vasoactive Intestinal Peptide

2.1
Localization

Vasoactive intestinal peptide (VIP) is a bioactive peptide present in abundance
within mammalian lung. VIP-immunoreactive nerves are present throughout
the respiratory tract innervating airway smooth muscle, blood vessels, submu-
cosal glands and airway parasympathetic ganglia with an absence of innervation
within the respiratory epithelium. The density of innervation diminishes from
central to peripheral airways with few VIP-immunoreactive fibres innervating
the terminal bronchioles and alveolar spaces (Laitinen et al. 1985; Fischer et al.
1996). There is a significantly greater density of VIP-containing nerves com-
pared with nerves specific for nitric oxide synthase (nNOS), suggesting the
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presence of different subpopulation of nerve fibres that presumably subserve
different functions within the airway wall. However, there is also evidence of co-
localization in some nerves, suggesting the possibility that release of both these
neurotransmitters act in concert at neuroeffector sites in the regulation of cell
function (Fischer and Hoffmann 1996; Fischer et al. 1996). Furthermore, co-lo-
calization of VIP in a subpopulation of parasympathetic nerves was also con-
firmed following immunostaining for choline acetyltransferase, an enzyme spe-
cific for parasympathetic nerves (Fischer and Hoffmann 1996). Similarly, co-lo-
calization of both VIP and nitric oxide synthase (NOS) to intrinsic parasympa-
thetic ganglion cells was a consistent observation in human airway tissue
(Fischer et al. 1996). Whilst not reported in human airways, studies of lung from
primates also reveal co-localization of VIP within sensory nerves containing the
neuropeptides substance P and calcitonin gene-related peptide (Nohr et al.
1995). There is also evidence for non-neuronal sources of VIP in a variety of in-
flammatory cells including mast cells, mononuclear cells, neutrophils and eosi-
nophils, although to what extent the release of VIP from these sources con-
tributes to the modulation of airway cell function remains to be determined
(Groneberg et al. 2001b).

22
VIP and Airway Smooth Muscle

VIP plays an important physiological role in regulating various aspects of cell
biology within the lung, including inhibition of neurogenic mediated mucus se-
cretion, vasodilation, and suppression of inflammatory cell function (Said 1998;
Groneberg et al. 2001b). The role of VIP in the control of airway smooth muscle
function will be discussed in greater detail.

2241
Functional Response

The exogenous administration of VIP to human isolated bronchial preparations
in vitro induces relaxation which diminishes progressively down the respiratory
tract (Palmer et al. 1986; Ellis and Undem 1992; Kinhult et al. 2000; Naline et al.
2000). Furthermore, the response to VIP is limited by metabolism from various
proteolytic enzymes, including neutral endopeptidase, mast cell tryptase and
chymase (Tam et al. 1990)—which may explain the relative lack of potency com-
pared with f,-adrenoceptor agonists in many of these studies. In contrast, it has
been difficult to document relaxation of human isolated preparations in a VIP-
dependent manner following nerve depolarization (Ellis and Undem 1992; Ward
et al. 1995a). This would indicate that if released from airway nerves, VIP does
not play a role in regulating airway smooth muscle tone. Alternatively, the use
of tissue preparations from patients undergoing thoracotomy, albeit from unin-
volved areas of resected lung tissue, might be characterized by unavoidable loss
of VIP due to disease or enzymatic destruction following surgical removal of tis-
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sue. This would potentially confound attempts to discern a possible role, if any,
of VIP as an endogenous inhibitory neurotransmitter in human airways.

A number of studies have examined the effect of VIP in man. Inhaled VIP
did not produce significant bronchoprotection against exercise (Bundgaard et
al. 1983) and histamine (Altiere and Diamond 1984), which is perhaps not sur-
prising in view of the potential for enzymatic degradation following deposition
within the lung. Therefore, the development of more potent and stable ana-
logues of VIP has been investigated.

222
Receptor Heterogeneity

VIP binding sites have been documented throughout the lung and localized to
airway epithelium, airway smooth muscle, vascular smooth muscle and submu-
cosal glands (Carstairs and Barnes 1986; Robberecht et al. 1988), which corre-
lates with the wide range of biological activity attributed to VIP (Said 1998;
Groneberg et al. 2001b). This diminution in the density of VIP binding sites
down the respiratory tree is consistent with the functional observations docu-
menting a loss in agonist potency at different sites within the respiratory tract.
There are currently two receptors that demonstrate high affinity for this peptide
and mediate many of the biological actions of VIP, designated VPACl and
VPAC2 (Harmar et al. 1998). Northern blot analysis of human lung tissue has
revealed the expression of VPAC1 (Sreedharan et al. 1995), whilst expression of
VPAC2 was sparse (Adamou et al. 1995; Wei and Mojsov 1996; Groneberg et al.
2001a). Further studies using RT-PCR have confirmed the expression of mRNA
for both receptor subtypes in human lung, and receptor protein was also detect-
ed in lung membranes (Busto et al. 1999). Several methodologies have been em-
ployed to ascertain the location of receptor protein in human airways. The de-
tection of receptor protein using an immunohistochemical approach has re-
vealed the presence of both receptors on lymphocytes, macrophages and
smooth muscle cells of small arteries (Busto et al. 2000). Using an in situ hybrid-
ization approach, mRNA for VPAC2 was detected in basal and ciliated epithelial
cells, serous and mucous cells and within alveolar tissue; transcript was detected
only in macrophages (Groneberg et al. 2001a). In contrast, very weak or no mes-
sage was detected over airway smooth muscle and vascular smooth muscle
(Groneberg et al. 2001a; Schmidt et al. 2001). The paucity of VPAC2 expression
in smooth muscle suggests that receptors other than VPAC2 are responsible for
mediating relaxation or that activation of VPAC2 possibly on another cell leads
to the release of as-yet-unidentified factors which mediate relaxation (Grone-
berg et al. 2001a). It is also possible that VIP mediates relaxation of airway
smooth muscle via another receptor subtype. Indeed, VIP demonstrates rela-
tively high affinity for PAC1, which is also found in human lung (Busto et al.
1999). However, these receptors represent only a fraction of the total amount of
VPAC/PAC receptor protein found in the lung, and it would therefore be unlike-
ly that this receptor mediates relaxation to VIP. Furthermore, the selective
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VPAC2 receptor agonist, Ro 25-1553, is a potent relaxant agonist of human air-
way smooth muscle (see below) and shows 3,000 times greater affinity for
VPAC2 than PACI (Gourlet et al. 1997), thereby ruling out this receptor in the
functional responses observed to VIP in airway tissue. Alternatively, the low lev-
els of receptor expression detected in smooth muscle may be sufficient to stimu-
late relaxation of airway smooth muscle following activation by VIP- or VPAC2-
selective agonists (Schmidt et al. 2001).

23
VIP Analogues

Enzymatically stable analogues of VIP have been evaluated for their potential as
novel bronchodilator agents for the treatment of respiratory disease (Bolin et al.
1995). The cyclization of the VIP peptide yielded analogues with high affinity
for VPAC2 as illustrated by the synthesis of Ro 25-1553 [Ac-Glu®,Lys'%,Nle?’,
Ala'®, Asp?,Leu®,Lys?”?, Gly?®*, Thr*!-vasoactive intestinal peptide(cyclo 21-
25) (Gourlet et al. 1997) and Ro 25-1392 [Ac-Glu®,0CH3-Tyr!%,Lys'2Nle',
Ala'® Asp?,Leu”,Lys?”*8-vasoactive intestinal peptide(cyclo 21-25)] (Xia et al.
1997) which are three orders of magnitude more selective for VPAC2 than
VPACL. In contrast, substitution of specific amino acids with alanine
([Ala'*28]VIP) resulted in a highly selective VPACI agonist (Nicole et al.
2000). These studies have clear implications for selectively targeting cells ex-
pressing different VPAC subtypes.

Ro 25-1553 relaxed human bronchial tissue some 390 times more potently
than native VIP and 20 times more potently than the f,-adrenoceptor agonist,
salbutamol (O’Donnell et al. 1994a). Moreover, the intrinsic activity of this agent
was similar to that observed with salbutamol, and suggests that these analogues
would be as effective as salbutamol in providing bronchoprotection to various
bronchoconstrictor stimuli. Similarly, whilst less potent, Ro 25-1553 was as effi-
cacious as formoterol in reversing contraction of guinea-pig isolated prepara-
tions (Kallstrom and Waldeck 2001). Furthermore, Ro 25-1553 provided signifi-
cant bronchoprotection against a range of mediators in sensitized guinea-pigs,
demonstrating the potential of this class of molecules as bronchoprotective
agents (O’Donnell et al. 1994a,b). Moreover, administration of Ro 25-1553
by the inhaled route suppressed bronchoconstriction induced by antigen chal-
lenge, whilst native VIP was ineffective (O’Donnell et al. 1994a). It is therefore
clear that Ro 25-1553 is resistant to enzymatic degradation and is a potent and
efficacious relaxant agonist comparable to that observed with f,-selective ago-
nists. Like salbutamol, Ro 25-1553 prevented oedema formation following anti-
gen challenge and thereby demonstrating acute anti-inflammatory activity
(O’Donnell et al. 1994b). It is unlikely that relaxation was mediated by activation
of VPAC1, as this molecule has 800 times lower affinity for this receptor subtype
(Gourlet et al. 1997).
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3
Nitric Oxide

Nitric oxide (NO) is derived from the amino acid L-arginine by the enzyme
NOS, of which exist two calcium-dependent constitutive isoforms: endothelium
(e)NOS or NOS3 and the neural (central and peripheral) isoform, nNOS or
NOS1. These isoforms are also expressed in tissue other than their original des-
ignation. Thus, nNOS is also present in human bronchial epithelium (Kobzik et
al. 1993). A third isoform is only expressed following an inflammatory insult
(iNOS or NOS2), is less dependent upon calcium for activation, produces signif-
icant quantities of NO and is thought to play a role in pathophysiological situa-
tions. The release of NO from nitrergic nerves leads to relaxation of airway
smooth muscle and therefore is thought to behave as an endogenous bron-
choprotective agent. Whether such pathways can be utilized for the development
of novel bronchodilator agents remains to be seen.

3.1
Nitric Oxide Synthesis

Nitrergic nerves have been documented throughout the respiratory tree in
and around airway smooth muscle, diminishing in density from central to pe-
ripheral airways, and evidence exists of nNOS localized to parasympathetic gan-
glia, sensory nerves and in some instances co-localized with VIP and acetylcho-
line (Fischer et al. 1993; Ward et al. 1995a; Fischer et al. 1996; Fischer and
Hoffmann 1996). In asthmatic airways, NOS2 is predominantly found within the
airway epithelium (Hamid et al. 1993; Saleh et al. 1998) and inflammatory cells,
notably macrophages, neutrophils and eosinophils (Saleh et al. 1998). Clinical
studies have detected the presence of NO in exhaled air of asthmatic subjects
(Kharitonov et al. 1994) which is increased during the late asthmatic response
(Kharitonov et al. 1995), supporting the view that during airway inflammation
the expression of NOS2 is increased leading to the generation of large quantities
of NO. In the lung, NOS3 is localized to endothelial cells in the bronchial circu-
lation and within the epithelium (Shaul et al. 1994).

3.2
NO and Airway Smooth Muscle

The functional consequence of NO in the airways has been investigated in a
number of studies. NO is a potent vasodilator of the pulmonary circulation
(Moya et al. 2001) and may either inhibit (Erjefalt et al. 1994) or promote
(Bernareggi et al. 1997) plasma protein extravasation in the airways, this latter
action being dependent upon the expression of NOS2. These studies suggest that
NO generated from different NOS isoforms exhibits anti- and pro-inflammatory
activities in the lung.
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In human airways, it appears that NO is the neurotransmitter responsible for
mediating relaxation following activation of non-adrenergic non-cholinergic
nerves. The stimulation of nitrergic nerves leads to elevations in the levels of
the second messenger, cyclic guanosine monophosphate (GMP) within airway
smooth muscle cells. Furthermore, both relaxation of airway smooth muscle
and elevation of cyclic GMP following nerve stimulation are inhibited in the
presence of a NOS inhibitor (Ellis and Undem 1992; Ward et al. 1995a,b). Relax-
ation of airway smooth muscle is also observed following the administration of
NO or donors of NO, including sodium nitroprusside and S-nitrosothiols that is
also accompanied by elevations of intracellular cyclic GMP in human airway tis-
sue (Ellis and Undem 1992; Gaston et al. 1993, 1994; Ward et al. 1995a,b).

The expression of guanylyl cyclase in airway smooth muscle is consistent
with the ability of NO either generated endogenously by NOS following nerve
depolarization or administered in the form of a donor to mediate relaxation of
airway smooth muscle (Hamad et al. 1997). Whilst elevations in cyclic GMP in
these studies are thought to be responsible for mediating the observed relax-
ation in reaction to NO, it has been suggested that a component of this response
is not mediated by the activation of guanylyl cyclase. This conclusion is based
on the observation that relaxation in response to NO donors was not inhibited
by methylene blue, an agent often used as an inhibitor of guanylyl cyclase
(Gaston et al. 1994). Therefore, relaxation may involve a non-cyclic GMP-depen-
dent mechanism for example, by a direct interaction between NO and calcium-
activated potassium channels, thereby leading to hyperpolarization of cell mem-
brane and relaxation (Abderrahmane et al. 1998), although the role of these
channels in mediating relaxation in response to NO donors has been questioned
(Corompt et al. 1998). However, the suggestion of cyclic GMP-independent
mechanisms arises from studies employing methylene blue. Unfortunately, this
agent is a weak inhibitor of guanylyl cyclase and has a number of actions, in-
cluding the ability to generate oxygen radicals, which would inactivate NO and
thereby confound interpretation as to the lack of involvement of soluble guany-
lyl cyclase in the relaxation in response to NO donors. Confirmation that
NO-mediated relaxation of airway smooth muscle is predominantly mediated
via activation of guanylyl cyclase was obtained with the use of a selective inhibi-
tor of this enzyme, ODQ (1H-[1,2,4]oxadiazolol[4,3-a]quinoxalin-1-one). Relax-
ation induced by stimulation of nitrergic nerves in the guinea-pig and relaxation
of both guinea-pig and human airway preparations in response to NO donors
was abolished in the presence of ODQ (Ellis 1997).

33
Clinical Studies

The role of NO in modulating airway smooth muscle tone has also been investi-
gated in vivo in gene-disrupted mice lacking the various NOS isoforms. It ap-
pears that NOS1 (to a lesser extent NOS3) is an important determinant of base-
line bronchial reactivity to spasmogenic agonists (De Sanctis et al. 1997, 1999).
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NOS3 also appears to suppress neural responses to cholinergic stimulation in
the mouse (Kakuyama et al. 1999). Hence, NO generated from constitutively ex-
pressed NOS, which produces discreet amounts of NO compared with the induc-
ible isoform, might act as an endogenous suppressor of airway reactivity.
Indeed, NOS inhibitors augment bronchoconstriction to inhaled bradykinin
(Ricciardolo et al. 1996), histamine and adenosine (Taylor et al. 1998a) in asth-
matic subjects and increased nasal reactivity to both histamine and bradykinin
in healthy subjects (Turner et al. 2000).

A number of clinical studies have investigated the potential utility of NO and
NO donors as bronchodilator agents. Inhalation of NO (80-100 ppm) provided
significant bronchoprotection against the fall in specific airway conductance in-
duced by methacholine in healthy subjects (Sanna et al. 1994), subjects with
hyperresponsive airways (Hogman et al. 1993) and in asthmatic subjects
(Kacmarek et al. 1996). Furthermore, NO induced modest, albeit significant
bronchodilation in asthmatic subjects but not in patients with chronic obstruc-
tive pulmonary disease and was considerably less efficacious than salbutamol
and therefore would not be useful in the clinical setting (Hogman et al. 1993).
Furthermore, a potential problem with delivery of NO to the airways is that
higher concentrations than those employed in these clinical studies may be toxic
to the lung. In order to avoid such concerns, the delivery of NO in the form of
NO donors may be more appropriate. However, cardiovascular side-effects are a
concern with drugs of this nature. Indeed, the administration of glyceryl trini-
trate by nebulization induced a modest bronchodilator response in comparison
with salbutamol in subjects with acute severe asthma, but at the expense of sys-
temic side-effects (Sharara et al. 1998). Another approach might be to deliver
NO with a 8;-adrenoceptor agonist, which would provide an additive broncho-
dilator effect (Hogman et al. 1993). This has been taken one step further by for-
mulating salbutamol with a NO moiety leading to an NO-donating f,-adreno-
ceptor agonist, which in recent clinical trials was shown to be more effective
than salbutamol in providing bronchoprotection against methacholine in the
absence of untoward side-effects (Sardina et al. 2002).

Alternatively, interventions that may increase the synthesis of endogenous ni-
trovasodilators might be another therapeutic approach. It has been observed
that the levels of S-nitrosothiols and thiols in samples of tracheal lining fluid
were significantly reduced in children suffering from a severe acute exacerba-
tion of asthma (Gaston et al. 1998). This loss in a pool of endogenous S-ni-
trosothiols may have important functional implications during exacerbation of
the inflammatory response. Endogenous S-nitrosothiols are thought to act as a
reservoir for the detoxification of NO and any reduction in the levels of these
protective agents could result in an increase in the levels of free NO. Hence, the
pro-inflammatory potential of NO might prevail. Furthermore, these endoge-
nous S-nitrosothiols are also potent relaxant agonists, and an increase in bron-
chial reactivity might also occur in the absence of these naturally occurring
bronchodilator substances within the lung (Gaston et al. 1993; Dweik et al.
2001). The supplementation of nitrosothiols in the inspired air afforded protec-
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tion against hypoxic pulmonary vasoconstriction in pigs (Moya et al. 2001), and
whether a similar intervention provides bronchoprotective relief in respiratory
disease remains to be established.

An important consideration concerning the use of NO donors is the potential
for tachyphylaxis following prolonged administration and the potential that
pro-inflammatory activities of NO, e.g. nitrosation of proteins, would limit the
utility of this drug class. It might be possible to avoid such potential problems
by direct activation of soluble guanylyl cyclase with novel activators of this en-
zyme (Hobbs 2002).

34
Pro-inflammatory Properties of NO

The preceding section described the potential utility of NO donors as novel
bronchodilator and bronchoprotective substances. However, it is also clear that
the generation of NO from NOS2 during an inflammatory insult to the airways
could have pro-inflammatory consequences. Therefore, the administration of
NO donors may increase the NO burden within the lung, which would be detri-
mental. Thus, the role of NO under these conditions merits discussion.

Animal studies have documented increased NOS2 expression at various times
following antigen challenge in immunized mice (De Sanctis et al. 1999; Xiong et
al. 1999; Koarai et al. 2000; lijima et al. 2001). However, in some circumstances,
airway inflammation can be induced in the absence of up-regulation of NOS2
expression within the lung (Feder et al. 1997), perhaps reflecting differences in
the intensity of the inflammatory response induced in these models. Neverthe-
less, inhibition of NOS2 activity with the use of inhibitors has highlighted the
role of this isoform in the allergic inflammatory and airway response in these
models. Non-selective NOS inhibitors significantly reduced the recruitment of
eosinophils to the lung following antigen challenge (Feder et al. 1997; Ferreira
et al. 1998), although the role of NOS2 in this response is controversial, since
selective NOS2 inhibitors were either ineffective (Feder et al. 1997) or sup-
pressed (Koarai et al. 2000; Trifilieff et al. 2000; Iijima et al. 2001) eosinophil re-
cruitment to the lung. A potential mechanism by which NO facilitates eosinophil
recruitment may be linked to increased CC chemokine expression in this model
(Trifilieff et al. 2000).

Further studies in mice with a gene disruption for the various NOS isoforms
has also yielded conflicting outcomes. Thus, eosinophil recruitment following
antigen challenge is either attenuated (Xiong et al. 1999) or unaffected (De Sanc-
tis et al. 1999) by disruption of the NOS2 gene. Moreover, targeted disruption of
the NOS1 and NOS3 genes was without effect upon eosinophil recruitment (De
Sanctis et al. 1999), and therefore NO generated from NOS2 does not appear to
play an obligatory role in recruiting eosinophils to the airways of allergic mice.
Indeed, in other studies eosinophil recruitment was exacerbated in allergic mice
following treatment with the NOS inhibitor, N-(G)-nitro-L-arginine methyl ester
(L-NAME), suggesting that NO may also have an anti-inflammatory role (Blease
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et al. 2000). While the mechanism by which NO may promote or inhibit eosino-
phil recruitment to the airways in these models is not clear, this was associated
with suppression (Trifilieff et al. 2000) or augmentation (Blease et al. 2000) of
CC chemokine expression, respectively. It is therefore far from clear as to the
exact role played by NO in cellular recruitment to the airways.

In both knockout studies outlined above, bronchial hyperresponsiveness to
methacholine following antigen challenge was not significantly altered in the ab-
sence of NOS2. This suggests that an alteration in airway responsiveness follow-
ing an allergic insult is not a direct consequence of the overgeneration of NO
during an inflammatory response. Interestingly, there was a discrepancy be-
tween the degree of baseline airway responsivity to methacholine in non-immu-
nized mice, probably reflecting the different methods used to measure respira-
tory lung mechanics in these models (De Sanctis et al. 1999; Xiong et al. 1999).
However, in contrast to the findings obtained in genetically modified mice, one
study has reported a potential role for NO, generated by NOS2, in the induction
of bronchial hyperresponsiveness. Treatment with a selective NOS2 inhibitor
abolished the increase in airway responsiveness to methacholine observed fol-
lowing antigen challenge (Koarai et al. 2000).

Few studies have assessed the consequences of NOS inhibition in the clinical
setting. The NOS inhibitor L-NAME failed to attenuate the early and late asth-
matic response following antigen challenge in asthmatic subjects (Taylor et al.
1998a). The level of expired NO was significantly decreased following treatment
with L-NAME, which probably reflects inhibition of NOS1 and NOS3, since
there was a lack of increase in expired NO during the late asthmatic response
(8-10 h) in the placebo arm. This suggests that NOS2 expression was not in-
creased during this time period, therefore making interpretation of the data dif-
ficult. However, 21 h post allergen challenge, there was a significant increase in
expired NO which was not evident in the L-NAME-treated group, possibly re-
flecting an increase in NOS2 expression. Whether or not the development of
more selective NOS2 inhibitors will prove of greater benefit in asthma requires
further investigation. The lack of effect of L-NAME on airways hyperresponsive-
ness might be related to the removal of a protective endogenous dilator from
the airways (Ricciardolo et al. 1996; Taylor et al. 1998b; Turner et al. 2000) or
loss of a negative feedback regulator, which tends to suppress the allergic in-
flammatory response (Thomassen et al. 1999).

4
Atrial Natriuretic Peptide

Atrial natriuretic peptide (ANP) belongs to a family of peptides with potent va-
sorelaxant, diuretic and natriuretic properties. In the lung, ANP is produced by
alveolar type II cells, epithelial cells and vascular smooth muscle and stimulates
a number of physiological responses including vasodilation, bronchial smooth
muscle relaxation, the inhibition of pulmonary oedema and the stimulation of
surfactant secretion (Perreault and Gutkowska 1995). ANP binds with high af-
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finity to cell surface receptors [natriuretic peptide receptor (NPR)-A; guanylyl
cyclase (GC)-A] with constitutive guanylyl cyclase activity and catalyses the syn-
thesis of cyclic GMP. ANP also binds to a second cell surface receptor devoid of
guanylyl cyclase activity (NPR-C), which is thought to control the local concen-
trations of ANP available for binding to GC-A. A third receptor, GC-B demon-
strates high affinity for C-type natriuretic factor (Potter and Hunter 2001).

The presence of particulate guanylyl cyclase in cultured human tracheal
smooth muscle cells was demonstrated by the ability of ANP to significantly ele-
vate the levels of intracellular cyclic GMP within these cells (Hamad et al. 1997).
Moreover, this increase in cyclic GMP in response to ANP was 2--3 times greater
than that achieved following stimulation of soluble guanylyl cyclase with sodium
nitroprusside, suggesting that smooth muscle function may be modulated by
endogenous release of ANP. However, there is some discrepancy in the literature
concerning the relaxant efficacy of ANP in human airway tissues. ANP failed to
significantly relax human isolated bronchial preparations even in the presence
of the neutral endopeptidase inhibitor, thiorphan or following epithelium re-
moval in order to prevent degradation of this peptide (Candenas et al. 1991).
Unlike the lack of efficacy observed with ANP in human airways, significant re-
laxation of guinea-pig tracheal smooth muscle was observed in this study. In
contrast, ANP exhibited weak relaxant activity, which was augmented following
inhibition of neutral endopeptidase in human isolated tissues (Angus et al.
1994b). Whether methodological differences can account for this discrepancy in
the literature remains to be established. Nevertheless, an important observation
from both of these studies is that the concentration of ANP required to elicit re-
laxation of airway smooth muscle in vitro would not be achieved with the doses
that have been reported to induce bronchodilation in man (see below). In other
studies, ANP inhibited the proliferation of human airway smooth muscle cells
in culture but whether such effects extrapolate to inhibition of smooth muscle
proliferation in vivo remains to be addressed (Hamad et al. 1999).

A number of clinical studies have shown that when inhaled, ANP provides
significant bronchoprotection against methacholine in asthmatic subjects
(Angus et al. 1994a). Similarly, when administered intravenously at doses that
did not alter systemic blood pressure, ANP afforded significant bronchoprotec-
tion against nebulized distilled water (Mcalpine et al. 1992) and histamine
(Hulks et al. 1991). Since ANP is susceptible to enzymatic destruction in the air-
ways, the bronchoprotective effect of this agent when administered by the in-
haled route can be significantly improved if neutral endopeptidase activity is in-
hibited (Angus et al. 1995). This suggests that the synthesis of enzyme-resistant
analogues or GC-A-selective agonists could lead to potentially novel bron-
choprotective agents with long duration of action and of greater importance, de-
pending on whether airway over systemic selectivity can be demonstrated.
Urodilatin is another member of the natriuretic peptide family formed in the
kidney and activates GC-A (Heim et al. 1989). When administered intravenous-
ly, urodilatin produced bronchodilation of similar magnitude to that observed
with salbutamol, and whilst this effect was short-lived, it was not at the expense
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of alterations in blood pressure (Fluge et al. 1995). Hence, it may be possible to
obtain selective airway activity with GC-A-activating agents, and any potentially
unwanted systemic effect might be avoided by aerosol delivery.

The poor correlation between ANP’s efficacy to relax airway smooth muscle
in vitro and to provide bronchoprotection in vivo suggests that ANP may not
directly activate airway smooth muscle in vivo (Candenas et al. 1991). The pos-
sibility that ANP might induce the release of endogenous catecholamines, which
in turn mediate bronchoprotection, can be ruled out since significant bron-
choprotection against histamine was observed in the absence of any change in
circulating plasma catecholamines (Hulks et al. 1991). Alternatively, the possi-
bility that ANP might interfere with afferent neuronal activity (Schultz et al.
1988) could offer one explanation for the reported bronchoprotective action of
ANP against stimuli which in themselves do not directly activate airway smooth
muscle, e.g. distilled water, but that would interfere with reflex bronchoconstric-
tion.

5
Phosphodiesterase 3 Inhibitors

51
In Vitro Studies

Relaxation of airway smooth muscle following activation of f,-adrenoceptors or
following activation of guanylyl cyclase is dependent upon elevations in the sec-
ond intracellular messengers, cyclic AMP and cyclic GMP, respectively. The bio-
logical activity of these cyclic nucleotides is terminated by a family of phospho-
diesterases, and biochemical investigations have documented the presence of
phosphodiesterase (PDE)1-5 in human airway smooth muscle (De Boer et al.
1992; Rabe et al. 1993; Torphy et al. 1993). The physiological consequence of in-
activation of these PDEs to airway smooth muscle function has been investigat-
ed in human isolated airway preparations under different experimental condi-
tions.

Under basal conditions, human bronchial tissues generate tone spontaneous-
ly, and reversal of this contractile response can be demonstrated following inhi-
bition of PDE3 (SKF94120). Moreover, this inhibitor was more efficacious in re-
laxing human airway smooth muscle compared with PDE4 (rolipram) or PDE5
(zaprinast) selective inhibitors (Qian et al. 1993; Rabe et al. 1993). Thus, PDE3
seems to play a role in regulating baseline airway function. The spontaneous
generation of tone in human isolated preparations is due to the release of leuko-
trienes from the tissue (Ellis and Undem 1994), and inhibition of PDE3 may
have induced relaxation of airway smooth muscle indirectly by inhibiting the
release and/or formation of these mediators. However, whilst the PDE3 inhibitor
motapizone demonstrated greater efficacy than rolipram in suppressing con-
traction induced by exogenously administered leukotriene C4, neither agent sig-
nificantly inhibited contraction of passively immunized tissues to allergen
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(Schmidt et al. 2000). The implication of these findings is that inhibition of
PDE3 mediates relaxation of spontaneously contracted human airway smooth
muscle by a direct effect on this cell and not via suppression of mediator release.
In relation to other spasmogens, inhibition of PDE3 inhibited contraction in-
duced by histamine and muscarinic agonists and in general is more efficacious
than inhibition of PDE4 or PDES5 alone (De Boer et al. 1992; Qian et al. 1993).
However, inhibition of both PDE3 and PDE4 is clearly more effective in sup-
pressing smooth muscle contraction of human airways (Schmidt et al. 2000).
Whilst most attention has focussed on the role of PDE3 in the regulation of air-
way smooth muscle contraction, the anti-proliferative activity following selec-
tive inhibition of PDE has also been investigated. It appears that PDE3 plays a
major role in reducing the proliferation of human airway smooth muscle cells
and DNA synthesis in response to growth factor, whilst inhibition of PDE4 was
without significant effect on cell proliferation (Billington et al. 1999).

5.2
In Vivo Studies

The oral administration of cilostazol (PDE3 inhibitor) caused bronchodilation
and bronchoprotection against methacholine challenge in non-diseased subjects
but at the expense of mild to severe headache (Fujimura et al. 1995). The poten-
tial unwanted increases in heart rate and falls in blood pressure associated with
this drug class appear to be avoided when inhaled, as in the case of olprinone,
which lead to significant improvements in forced expiratory volume in 1 s
(FEV,) commensurate with that observed following inhalation of salbutamol
(Myou et al. 1999). Therefore, it might be possible to separate the cardiovascular
and respiratory actions of this drug class when administered via the inhaled
route. The PDE3 inhibitor MKS492 has been reported to attenuate the early and
late asthmatic response in atopic asthmatics, albeit modestly, and suggests that
PDE3 inhibition may provide bronchoprotective action but would not be suffi-
cient to suppress inflammatory cell function (Bardin et al. 1998).

6
Potassium Channel Openers

There are four major classes of potassium channels including voltage-dependent
(K,), ATP-dependent (Kyrp), calcium-dependent (Kc,) and inward rectifier (Kir)
(Janssen 2002; Pelaia et al. 2002). In general, the opening of potassium channels
leads to membrane hyperpolarization and is often associated with airway
smooth muscle relaxation. The possibility that the development of selective ago-
nists for potassium channels might lead to novel bronchodilator agents for use
in respiratory disease has received considerable interest.
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6.1
Voltage-Dependent Channels

Small unitary conductance (1-20 pS) and delay in current activation character-
ize these channels, hence they are often referred to as “delayed rectifier”. These
channels are selectively blocked by 4-aminopyridine (Grissmer et al. 1994; Adda
et al. 1996; Oonuma et al. 2002). Human airway smooth muscle expresses vari-
ous members of the Kvl gene family including Kv1.1, Kv1.2 and Kv1.5, whilst no
transcripts for Kv1.6, Kv3.1 nor Kv2 or Kv4 gene families were reported. This
was consistent with the documentation of Kv channels in cultured human air-
way smooth muscle cells using patch-clamp techniques (Adda et al. 1996), al-
though they appear to be poorly represented in freshly dissociated human air-
way smooth muscle cells (Snetkov et al. 1995, 1996). The role of these channels
in regulating airway tone was also investigated in human bronchial tissue. The
Kv inhibitor 4-aminopyridine induced a concentration-dependent increase in
basal tone (Adda et al. 1996). This effect was not observed with dendrotoxin,
which is reportedly more selective for Kvl.1 and Kv1.2 channels (Grissmer et al.
1994), thereby suggesting a role for Kv1.5 in the regulation of basal tone and
membrane potential (Adda et al. 1996).

6.2
Calcium-Activated Potassium Channels

There a numerous reports of the existence of K¢, channels in airways smooth
muscle from a number of animal species which are characterized by their sensi-
tivity to calcium, unitary conductance of various sizes—including small, inter-
mediate and large—and selective inhibition by various toxins (Janssen 2002;
Pelaia et al. 2002). The existence of a heterogeneous population of K¢, channels
in freshly isolated and cultured human airway smooth muscle was confirmed by
their calcium dependence, large conductance (100-250 pS) and sensitivity to
charybdotoxin, iberiotoxin, tetraethylammonium (TEA) but not 4-aminopyri-
dine. The large conductance K¢, channels were exclusively present in freshly
isolated and cultured human bronchial smooth muscle cells (Snetkov et al. 1995,
1996) and these channels are also found in smooth muscle cells from more pe-
ripheral airways (Snetkov and Ward 1999), demonstrating that these channels
are present throughout the respiratory tract.

The role of the large K¢, channels in the control of airway smooth muscle is
the subject of considerable debate. The K¢, blockers were either ineffective or
induced modest contraction of human bronchial smooth muscle, which would
seem to rule out a role for these channels in the regulation of baseline tone
(Miura et al. 1992a; Adda et al. 1996; Corompt et al. 1998). In contrast, a number
of studies have reported that relaxation of human airway smooth muscle in re-
sponse to f-adrenoceptor agonists and NO donors is, in part, a consequence of
the opening of large conductance K¢, (Miura et al. 1992a; Abderrahmane et al.
1998). B,-Adrenoceptors couple to these channels either directly or indirectly
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through elevations in intracellular cyclic AMP (Kume et al. 1994), whilst NO ap-
pears to directly phosphorylate these channels (Abderrahmane et al. 1998) and
is thought to be responsible for mediating relaxation to these agents. However,
there is some debate as to whether this mechanism underlies the relaxation ob-
served by these stimuli in airway smooth muscle (Corompt et al. 1998; Janssen
2002). An increase in probability of opening of voltage-dependent calcium chan-
nels is an indirect consequence of inhibition of K¢, channels with iberiotoxin
and charybdotoxin. Calcium influx via these channels would lead to the activa-
tion of the contractile apparatus, thereby resulting in functional antagonism of
relaxation. Indeed, if these channels are made inoperable in the presence of
L-type calcium channel blockers, then the inhibitory action of large conduc-
tance K¢, channel blockers on relaxation to f,-adrenoceptor agonist is removed
(Muller-Schweinitzer and Fozard 1997; Corompt et al. 1998). Moreover, the large
conductance K¢, opener, NS1619, was ineffective in mediating relaxation of hu-
man bronchial tissues (Muller-Schweinitzer and Fozard 1997).

Whilst a strategy designed to open large-conductance K¢, on airway smooth
muscle does not appear to be a useful target for the development of novel bron-
chodilator agents, the possibility of interfering with the function of airway
smooth muscle indirectly by targeting nerves is worth mentioning. Parasympa-
thetic cholinergic nerves play an important role in regulating airway tone in
vivo and the role of these channels in modulating the function of these nerves
has been investigated. The suppression of contractile responses following stimu-
lation of cholinergic nerves in human tracheal tissue is observed with p-opioid
agonists, which appear to be susceptible to inhibition by charybdotoxin (Miura
et al. 1992b). Thus, the opening of such channels on airway parasympathetic
nerves could lead to smooth muscle relaxation indirectly by reducing parasym-
pathetic outflow. The K¢, opener, NS1619, was shown to inhibit the release of
acetylcholine from parasympathetic nerves and inhibit contraction of smooth
muscle following nerve depolarization (Patel et al. 1998). However, the inability
to reverse this effect with charybdotoxin would cast some doubt on the selectiv-
ity of NS1619 on cholinergic nerves. In contrast to these findings, NS1619 was
shown to inhibit the activation of afferent nerves and contraction of airway
smooth muscle following the endogenous release of neuropeptides from afferent
nerves that were sensitive to iberiotoxin (Fox et al. 1997).

6.3
Karp Channels

Karp channels are characterized by their small unitary conductance (10-30 pS)
and sensitivity to inhibition by ATP. Furthermore, these channels are opened by
a variety of benzopyran derivatives such as levcromakalim, BRL 55834, bi-
makalim and a variety of other agents including pinacidil and minoxidil, whilst
inhibitors of this channel include the sulphonylureas glibenclamide and tolbuta-
mide (Edwards and Weston 1995). There is increasing evidence of the existence
of multiple forms of this channel in a variety of tissues. This is determined at
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the molecular level by the formation of different complexes between the Kir
family (Kr6.x; a-subunit) which provides the pore domain for this channel and
the sulphonylurea receptor (SUR; S-subunit) which recognizes the sulphony-
lureas, potassium channel openers and nucleoside-diphosphate. The pancreatic
Karp channel is composed of Kjg6.2/SUR1 complex (Seino 1999).

There is currently no electrophysiological evidence that Ksrp channels are
found in human airway smooth muscle. The only indirect evidence stems from
the findings that Karp channel openers relax airway smooth muscle and this re-
sponse is sensitive to inhibition by sulphonylureas (Black et al. 1990; Cortijo et
al. 1992; Miura et al. 1992b). It is possible that additional mechanisms might be
responsible for the relaxation observed with Ksrp channel openers including al-
terations in calcium levels, inositol 1,4,5-trisphosphate (IP;) synthesis, phos-
phodiesterase 3 inhibition or inducing a state of dephosphorylation of the Kv
channel (Edwards and Weston 1995; Muller-Schweinitzer and Fozard 1997). Re-
gardless of the mechanism, it appears that these channels do not regulate basal
airway tone, since the addition of sulphonylureas alone does not elicit contrac-
tion of muscle (Miura et al. 1992b; Adda et al. 1996).

Since there are various isoforms of this family of ion channels, it is possible
that the functional effects observed with Karp openers is mediated by different
complexes of Kiz and SUR. Electrophysiological recordings made from cat tra-
cheal smooth muscle cells reveal the presence of a Karp channel that is activated
by levcromakalim, blocked by glibenclamide, has unitary conductance of 40 pS
but is regulated by nucleoside diphosphates (NDP) (Teramoto et al. 2000). This
channel has similar electrophysiological features with Kypp channels observed
in other smooth muscle cells, and at the molecular level it is characterized by a
complex consisting of Kig6.1/SUR2B (Sim et al. 2002; Cui et al. 2002).

The clinical efficacy of Karp channel openers has been investigated. The oral
administration of cromakalim provided significant protection against nocturnal
worsening of baseline lung function (Williams et al. 1990). However, there was
no significant bronchoprotection against histamine or methacholine, nor was
there evidence of bronchodilation following single oral administration of levcro-
makalim, despite the reporting of headache (Kidney et al. 1993). Similarly, the
administration of bimakalim by the inhaled route in patients with chronic asth-
ma was ineffective as a bronchodilator at doses which did not provoke any side-
effect including headache or cardiovascular effects (Faurschou et al. 1994).
These studies suggest that Karp channel openers have poor bronchodilator ac-
tivity per se and the dose required to promote airway smooth muscle relaxation
is associated with unwanted side-effects. The implication of these experimental
observations if translated into the clinic are that airway-selective Karp channel
openers can be developed that reduce bronchial hyperresponsiveness without
any direct bronchodilator action and therefore would be a novel class of bron-
choprotective agent.

In an experimental model, a range of benzopyran Kurp channel openers were
found to be ineffective in providing bronchoprotection against histamine in na-
jve animals. However, when animals were made hyperresponsive, these agents
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provided significant bronchoprotection (Chapman et al. 1991; Bucheit and
Hofmann 1996). A similar pharmacological profile has been observed with the
benzopyran, KC0912, which selectively suppresses bronchial hyperresponsive-
ness but has minimal direct action on airway smooth muscle. Moreover, when
administered directly into the lung, it is relatively free from cardiovascular ac-
tion (Bucheit et al. 2002). This suggests the possibility of developing novel Krp
channel openers that have minimal action on airway smooth muscle per se, yet
inhibit the development of bronchial hyperresponsiveness and are free from car-
diovascular side-effects. The mechanism by which these agents selectively inhib-
it bronchial hyperresponsiveness is not clear, but a neural site of action is a dis-
tinct possibility since Karp channel openers have been shown to suppress cho-
linergic and afferent activity in the airways (Ichinose and Barnes 1990; Miura et
al. 1992a) and to suppress cough (Poggioli et al. 1999).

6.4
Inward Rectifiers

Few studies have addressed the role of these channels in the regulation of airway
smooth muscle function. As the name suggests, these channels conduct inward
current more readily than outward current. However, a rise in extracellular po-
tassium will lead to an alteration in the gating characteristics of the channel,
leading to potassium efflux from cells, membrane hyperpolarization and
smooth muscle relaxation. Kjg has been documented in human airway smooth
muscle from peripheral airways (Snetkov and Ward 1999) and in cultured hu-
man airway smooth muscle cells (Oonuma et al. 2002). The expression of Kig2.1
and not Krl.1, 2,2, 2,3 accounted for the inward rectification in these cells
(Oonuma et al. 2002).

7
Conclusion

A variety of signalling pathways exists in airway smooth muscle that when acti-
vated mediate relaxation via a non-f3;-adrenoceptor mechanism (Fig. 1). It is
possible that agents that stimulate these processes could potentially offer new
therapeutic strategies for providing bronchoprotection and bronchodilation in
respiratory disease. Many of the current agents used to stimulate these pathways
suffer from a relatively short duration of action in comparison with long-acting
B-adrenoceptor agonists, although this is a problem that can be overcome with
chemistry. For example, chemical modification to VIP has led to analogues with
significantly greater potency and duration of action than native VIP and with
more potency than salbutamol.

Systemic side-effects remain a potential problem, since many of the processes
that mediate relaxation of airway smooth muscle are also found in the cardio-
vascular system. However, developing drugs for the inhaled route (e.g. PDE3 in-
hibitor, olprinone) may eliminate this. Moreover, a new generation of potassium
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Fig. 1 Diagrammatic representation of a number of pathways that can be exploited for the develop-
ment of new non-pB,-adrenoceptor bronchodilator agents. Relaxation of airway smooth muscle can be
mediated following (1) activation of cyclic AMP (cAMP)-dependent pathways as a consequence of sig-
nalling via G protein (Gs)-coupled VPAC2 and adenylyl cyclase (AC) by VIP or VIP analogues. The intra-
cellular levels of cAMP are controlled by phosphodiesterases (PDE), and drugs which inhibit PDE3 also
induce relaxation of airway smooth muscle. (2) Relaxation can also be mediated following activation of
cyclic GMP (cGMP) via soluble guanylyl cyclase (sGC) by NO, NO donors, sGC activators, or particulate
guanylyl cyclase (GC-A) by ANP or urodilatin. (3) Opening of potassium channels has also been implicat-
ed in the regulation of airway smooth muscle function, although there is some debate as to the role of
the different families of ion channels in the modulation of airways smooth muscle activity. To date, Kqrp
openers have been shown to provide significant bronchoprotection in animal models of hyperrespon-
siveness, but interestingly, this may not be a consequence of a direct action on airway smooth muscle
but on neuronal cells

channel openers appears to demonstrate airway over cardiovascular selectivity,
and of particular interest is the possibility of developing agents which inhibit
bronchial hyperresponsiveness that is not attributed to a direct action on airway
smooth muscle (e.g. potassium channel openers). In other situations, it may be
possible to stimulate multiple pathways simultaneously with a combination of
drugs, in order to obtain additive effects. Thus, the co-administration of salbu-
tamol and urodilatin provided greater bronchodilation than either agent alone
(Fluge et al. 1999), whilst the addition of a NO moiety to salbutamol resulted in
greater bronchodilation than the parent compound alone (Sardina et al. 2002).
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There are potential avenues for the development of novel bronchodilator
agents, and the challenge will be in discovering agents that are superior to long-
acting f3,-adrenoceptor agonists.
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Abstract At least 11 families of distinct phosphodiesterase (PDE) isoenzymes
are known to regulate the function of many cells secondary to altering the intra-
cellular levels of second messengers including cyclic 3',5'-monophosphate (cy-
clic AMP) and cyclic 3,5'-guanosine monophosphate (cyclic GMP). While there
is a wide distribution of these enzymes throughout the body, advances in our
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understanding of the molecular aspects of PDEs and accurate determination of
their cellular distribution has allowed development of isoenzyme-selective in-
hibitors as potential therapeutic agents. Cells thought to participate in the
pathogenesis of inflammatory diseases, including asthma and chronic obstruc-
tive pulmonary disease (COPD), preferentially express PDE4. This finding has
stimulated the search for highly selective inhibitors of these enzymes. Such
drugs offer an exciting opportunity to selectively downregulate inflammatory
cell function as a novel therapeutic approach in the treatment of airway disease.

Keywords Phosphodiesterase (PDE) inhibitor - Inflammation - Asthma - COPD

1
Introduction

At least 11 families of distinct phosphodiesterase (PDE) enzymes, including
PDE1-7 (Torphy1998) and PDE8-11 (Soderling et al. 2000), are known to exist
based upon a variety of criteria including substrate specificity, inhibitor poten-
cy, enzyme kinetics and amino acid sequence. These enzymes are distributed
widely throughout the body, differentially expressed in cells and localized to dif-
ferent compartments within cells. The functional significance of the subcellular
localization of PDEs is not completely understood, although there is a consider-
able body of evidence to suggest that the expression of PDE in cellular domains
can tightly regulate the levels of cyclic nucleotides in the vicinity of effector pro-
teins and are therefore implicated in the regulation of cell function (Houslay et
al. 1998).

1.1
(lassification of Phosphodiesterase Enzymes

PDE enzymes function by hydrolysing the phosphodiester bond of the second
messenger molecules cyclic 3',5'-adenosine monophosphate (cAMP) and cyclic
3/,5'-guanosine monophosphate (cGMP). This converts cAMP and cGMP to
their inactive 5’-mononucleotides; adenosine monophosphate (AMP) and gua-
nosine monophosphate (GMP). These products are incapable of activating spe-
cific cyclic nucleotide-dependent protein kinase cascades.

The PDE enzyme family consists of a growing number of genetically heterol-
ogous isoenzymes (Table 1).

Regarding substrate affinities, PDE4 and PDE7 are highly selective for cAMP.
Although PDE3 hydrolyses cAMP and ¢GMP with equal affinity (Kp: 0.1-
0.5 uM), its Vpay (“velocity” of action) for cAMP is fivefold greater than for
cGMP. Functionally, then, PDE3 favours cAMP. Conversely, cGMP is the pre-
ferred substrate for PDE5 and PDE6, whereas PDE1 and PDE2 hydrolyse either
cyclic nucleotide. Adding further complexity to the functional role taken by var-
ious PDEs in intact tissues is the fact that several are subject to short-term allo-
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Table 1 Characteristics and properties of PDE isoenzymes

steric regulation by endogenous activators or inhibitors. For example, PDEL1 is
allosterically activated by Ca**/calmodulin (Sharma et al. 1986).

Each of the families of PDE isoenzymes is populated by at least one, and as
many as four, distinct gene products; thus isoenzymes are further subdivided
into subtypes, which have a high percentage genetic homology (70%-90%). Sub-
types may also undergo further post-translational modification and this can re-
sult in a large number of splice variants. The result of this is an array of en-
zymes with distinct kinetic characteristics, regulatory properties and subcellular
distributions, allowing specific drug design and targeting of specific isoenzymes
or subtypes in affected cells or tissues. Isoenzyme-selective inhibitors are avail-
able for most PDE families. Generally, these compounds are at least 30-fold se-
lective for the PDE against which they are directed. Most are substrate site-di-
rected competitive inhibitors, but a few act at allosteric sites (Beavo 1995).

2
Characteristic Features of Asthma and COPD

The incidence of respiratory diseases like asthma and chronic obstructive pul-
monary disease (COPD) continue to increase despite the availability of current
treatment modalities, and there is therefore a need to improve our understand-
ing of the pathophysiology of these diseases for the development of novel thera-
peutic agents. While the exact causes of asthma and COPD are not completely
understood, it is clear that both diseases are characterized by inflammation of
the airways and a decline in respiratory function. In asthma, a number of in-
flammatory cells are thought to contribute toward the pathogenesis of this dis-
ease, including eosinophils (Gleich 2000) and CD4* T lymphocytes (Romagnani
2000) while it is thought that CD8" lymphocytes (Kemeny et al. 1999) and neu-
trophils (Saetta 1999) play an important role in COPD. Another important fea-
ture of these diseases is the presence of airway wall remodelling, and there is ev-
idence of hyperplasia/hypertrophy of airway smooth muscle, increased collagen
deposition beneath the basement membrane, increased mucus production, an-
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giogenesis and alterations in extracellular matrix in asthma (Bousquet et al.
2000). In COPD, there is evidence of mucus gland hyperplasia, increased bron-
chiolar smooth muscle hypertrophy, fibrosis of the small airways and in the case
of emphysema, destruction of alveolar tissue (Jeffery 1998). The mainstay of
treatment for asthma includes bronchodilators like f,-adrenoceptor agonists
and glucocorticosteroids, while for COPD, the muscarinic receptor antagonists,
tiotropium bromide and ipratropium bromide as well as f,-adrenoceptor ago-
nists are used. Reducing the inflammatory response in the airways is thought to
be critical in controlling many of the changes seen in these airway diseases.

3
PDE Expression in Allergic Disease

3.1
Allergy

It had long been recognised that the ability of lymphocytes to raise levels of in-
tracellular cAMP is impaired in mild, severe atopic eczema (Parker et al. 1977;
Archer et al. 1983) and atopic dermatitis (Safko et al. 1981; Grewe et al. 1982).
This finding was all the more significant since, unlike asthmatics, none of the
subjects were taking f-adrenoceptor agonist medication. Therefore, tachyphy-
laxis of B-adrenoceptors is not an issue and not a confounding factor in this dis-
ease. The increased level of cAMP in mononuclear cells from patients with atop-
ic dermatitis was a consequence of increased CAMP PDE activity as assessed
biochemically (Grewe et al. 1982). The exact splice variant responsible for this
activity remains to be established; however, evidence was provided of a putative
monocyte-derived PDE in atopic dermatitis that had increased cAMP PDE cata-
lytic activity and was Ca’*/calmodulin and R0201724 sensitive (Chan et al.
1993b). However, such changes in cAMP PDE activity have not been observed
in all studies in cells from patients with atopic dermatitis (Gantner et al. 1997b),
and it is unclear whether differences in methodology and/or patient selection
account for this discrepancy. It has been proposed that this alteration in PDE
activity is responsible for the pathogenesis of this disease, since a functional
consequence of increased cAMP PDE activity in atopic dermatitis includes in-
creased IgE production by B lymphocytes, increased histamine and LTC, release
from basophils, increased interleukin (IL)-4 release and reduced interferon
(IFN)-y and IL-10 release by mononuclear cells—physiological responses that
can be inhibited by PDE4 inhibitors (Hanifin et al. 1995).

An interesting feature of the altered cAMP PDE activity in atopic dermatitis
is increased susceptibility of the isoenzyme to inhibition by PDE4 inhibitors.
This is reflected by increased inhibitor potency against cAMP catalytic activity
(Giustina et al. 1984; Chan et al. 1993b; Hanifin et al. 1996) and increased inhib-
itor potency against the proliferation of mononuclear cells (Banner et al. 1995).
Interestingly, the anti-proliferative effect of theophylline was not altered in atop-
ic dermatitis. The molecular mechanism(s) responsible for the increased PDE
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catalytic activity and increased sensitivity to PDE4 inhibitors in atopic dermati-
tis remain to be established, but conformational changes in PDE4 protein
(Souness et al. 1993), phosphorylation of PDE4 (O’Connell et al. 1996) and/or
expression of a splice variant/novel PDE4 (Chan et al. 1993b) could explain such
a phenomenon.

Few studies have investigated the effect of methylxanthines in atopic dermati-
tis. Mononuclear cells from atopic dermatitis have increased cAMP PDE activity
that is more susceptible to PDE4 inhibitors and is reflected by increased PDE4
inhibitor potency (Giustina et al. 1984). However, cAMP PDE activity in mono-
nuclear cells was restored to normal values in atopic dermatitis subjects who
were taking theophylline to control their asthma (Giustina et al. 1984). An inter-
pretation of this finding is that prolonged treatment with theophylline altered
the activity of cCAMP PDE activity to control values. This could be attributed to
the anti-inflammatory effect of theophylline (see Chap. 3) resulting in a reduc-
tion in the release of inflammatory mediators and cytokines known to increase
the activity and expression of PDE4. In a double-blind study, the PDE4 inhibitor
R0201724 was shown to improve psoriatic lesions (Stawiski et al. 1979) and dai-
ly topical treatment with CP80633 on one arm improved clinical scores (erythe-
ma, induration and excoriation) compared with the untreated arm (Hanifin et
al. 1996) and indicated the potential use of PDE4 inhibitors in the treatment of
atopic dermatitis.

3.2
Asthma

Despite our understanding of the mechanisms that can alter PDE4 activity, there
is a paucity of data concerning whether there is an any alteration in the function
or expression of PDEs in airway diseases like asthma. The ability of lympho-
cytes to raise intracellular cAMP and/or increase adenylyl cyclase activity in re-
sponse to various stimuli, including isoprenaline, sodium fluoride and guanyl-
5-yl-imido-biphosphate (GppNHp) was compromised following antigen chal-
lenge in atopic asthmatics (Koeter et al. 1982; Meurs et al. 1982). Similarly, the
capacity of alveolar macrophages to raise intracellular cAMP in response to his-
tamine, salbutamol, PGE, and 1-methyl-3-isobutylxanthine (IBMX) was reduced
in asthmatics (Bachelet et al. 1991; Beusenberg et al. 1992). These studies sug-
gest that PDE activity may be increased in inflammatory cells in asthma. How-
ever, there is no difference in PDE4 activity in alveolar macrophages (Tenor et
al. 1995b) and eosinophils (Aloui et al. 1996; Tenor et al. 1996) noted between
atopic and non-atopic subjects. We documented a 50% increase in total cCAMP
PDE activity in monocytes isolated from asthmatic subjects compared to heal-
thy individuals (Landells et al. 2000), a finding that is supported by a previous
study in atopic dermatitis subjects with a history of airway disease (Sawai et al.
1998).

While there is a considerable body of evidence of increased PDE4 inhibitor
sensitivity observed in inflammatory cell populations obtained from some
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(Chan et al. 1993b; Banner et al. 1995) but not all (Tenor et al. 1996; Gantner et
al. 1997b) subjects with atopic dermatitis, we have failed to document a similar
finding in monocytes from mild asthmatic subjects (Landells et al. 2000). This
is consistent with a study examining the potency of Ro-201724 against zymo-
san-induced release of glucuronidase from neutrophils obtained from asthmatic
subjects (Busse et al. 1981). Similarly, atopic subjects with upper and/or lower
airway disease, and who did not suffer from atopic dermatitis, failed to docu-
ment an increase in PDE4 inhibitor sensitivity against mononuclear cell prolif-
eration (Essayan et al. 1994; Crocker et al. 1996). In contrast, PDE4 inhibitors
attenuated tumour necrosis factor (TNF)-o and IL-10 release from mononuclear
cells stimulated by mitogen to a greater extent in atopic rhinitic compared with
healthy subjects (Crocker et al. 1998).

Together these studies highlight an important observation that alterations in
PDE4 catalytic activity or inhibitor sensitivity is dependent upon the type of al-
lergic disease under study, and extrapolating from atopic disease other than
asthma should be made with caution. The increase in total PDE activity ob-
served in our study was unrelated to an increase in PDE4 activity and is consis-
tent with a lack of evidence of an alteration in the expression of mRNA for
PDE4A, PDE4B and PDE4D in monocytes from mild asthmatic subjects
(Landells et al. 2001b). Thus, notwithstanding the lack of evidence of an alter-
ation in PDE4 activity in mild asthma, a rational basis for drug targeting PDE4
in the treatment of respiratory disease stems from the finding that inhibitors of
PDE4 can downregulate inflammatory cell function.

4
Properties and Classification of PDE4

The selective targeting of individual PDE isoenzymes has profound implications
for the treatment of disease, as recently highlighted with the introduction of the
PDES5-selective inhibitor, sildenafil, for erectile dysfunction (Stief 2000). In the
context of lung disease, PDE4 has been selectively targeted using chemical in-
hibitors on the basis of the clinical efficacy of the archetypal non-selective PDE
inhibitor, theophylline which has long been used in the treatment of asthma and
COPD (see Chap. 3). A number of highly potent PDE4 inhibitors have been test-
ed in clinical trials and shown to have some therapeutic potential. However, one
of the major stumbling blocks to the development of these inhibitors is the side-
effect profile, including nausea and emesis, that is a characteristic feature of
many of these drugs, although attempts are being made to reduce these unwant-
ed side effects.

PDE4 is a cAMP-specific isoenzyme (Kp: 0.2-4 uM), showing very low affini-
ty for cGMP (Kp: >1000 uM), the latter without effect on PDE4 catalytic activity.
Four PDE4 subtypes (PDE4A-D) have been cloned and expressed, with addi-
tional complexity arising as a consequence of mRNA splicing resulting in iso-
forms with alterations in amino acid sequences within the N-terminal region
(Houslay et al. 1998). In order to gain insights into the functional significance of
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Table 2 Summary of the expression of mRNA for PDE4 genes in human cells

Parentheses denote splice variant; +, presence of expression; —, absence of expression.
2 Analysis performed in rat brain.
® Immunohistochemical detection using mouse brain.

PDE4, various studies have investigated the distribution of PDEA4. It is clear that
PDEA4C is predominantly localized to the testis, skeletal muscle and human foe-
tal lung (Obernolte et al. 1997), while PDE4A, B and D are known to be dis-
tributed in many inflammatory cells in man (Table 2).

Analysis of the amino acid sequence of PDE4 revealed a catalytic domain and
two upstream conserved regions (UCRs) that is unique to this family of PDE.
Using deletion analysis, studies have shown that the catalytic domain in
PDE4A4B, for example, lies between amino acid sequence 332/365 to 680/772
(Jacobitz et al. 1996; Houslay et al. 1998). Similarly, PDE4B2B has a catalytic do-
main between amino acid sequence 152 and 528 (Lenhard et al. 1996; Rocque et
al. 1997). The atomic structure of the catalytic domain of 4B2B has recently
been published, showing important structural features within the binding pock-
et for cAMP, including the presence of two metal ions, most likely zinc and mag-
nesium, that is important for binding the cyclic phosphate group and various
other amino acids critical for cAMP binding (Xu et al. 2000).

The cDNAs for PDE4 encode for enzymes that can exist as either the long
form, containing both UCR regions, and a short form, characterized by either a
lack in UCR1 and intact or partially truncated UCR2 region. It is thought that
the short and long forms differ with respect to enzyme activity, subcellular lo-
calization and activation by different intracellular signalling pathways. Thus,
PDE4D3 catalytic activity is increased by a protein kinase A (PKA)-dependent
mechanism (Alvarez et al. 1995) a consequence of phosphorylation of
Ser™* (Sette et al. 1996). Additionally, specific sites in the UCR region are also
subject to phosphorylation by mitogen-activated protein (MAP) kinase-depen-
dent mechanisms which could have important implications for PDE4 activity
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(Houslay et al. 1998). Furthermore, the N-terminal region is implicated in tar-
geting PDE4 to specific domains within the cell by virtue of protein-protein in-
teractions with SH3 domain-containing proteins (O’Connell et al. 1996). Re-
gions near the carboxyl terminus are also implicated in the regulation of PDE4
function. Thus, substitution of Ser**” for Ala resulted in a significant attenuation
of MAP kinase-dependent phosphorylation of PDE4B2B (Lenhard et al. 1996).
Similarly, phosphorylation by ERK2 kinase of PDE4D3 at Ser’” in the carboxyl
terminal region led to a significant reduction in catalytic activity (Hoffman et
al. 1999). Further complexity arises with the findings that alteration in the activ-
ity of PDE4 by ERK2 kinase is also influenced by the presence of UCR regions.
Thus, while phosphorylation of PDE4D3 at Ser’” resulted in a reduction in
cAMP PDE activity, an increase in catalytic activity was observed following
phosphorylation of Ser*”! in PDE4D1, a PDE4 enzyme that lacks a UCR1 do-
main (MacKenzie et al. 2000). These findings suggest that different splice vari-
ants of PDE4 may be differentially regulated by intracellular signalling pathways
that may have important implications in the regulation of cell function under
normal physiological and pathophysiological conditions. Indeed, alterations to
the N-terminal regions of these proteins has important functional conse-
quences, as this may alter their subcellular localization (O’Connell et al. 1996),
activation (Sette et al. 1994; Alvarez et al. 1995; Lenhard et al. 1996) and inhibi-
tion by PDE4 inhibitors (Alvarez et al. 1995). Moreover, the observation of alter-
ations in PDE4 expression during cell differentiation (Gantner et al. 1997a) or
following activation by cytokines, growth factors and lipid mediators (Li et al.
1992; Li et al. 1993; DiSanto et al. 1995; Lenhard et al. 1996) could have impor-
tant functional consequences during an inflammatory episode.

It has long been recognized that the archetypal PDE4 inhibitor, rolipram,
binds with high affinity to brain tissue compared with peripheral organs
(Schneider et al. 1986), yet is at least two to three orders of magnitude less po-
tent at inhibiting PDE4 catalytic activity in this tissue (Nemoz et al. 1989). The
significance of this discrepancy was later clarified in studies expressing human
recombinant PDE4 in yeast and showing that the high-affinity rolipram binding
site and the PDE4 catalytic domain reside on the same gene product (Torphy et
al. 1992; McLaughlin et al. 1993). Interestingly, there was little correlation be-
tween the ability of a range of compounds to displace rolipram binding from
PDE4 and their ability to inhibit PDE4 catalytic activity, raising the possibility
of synthesizing compounds that could selectively target these sites. The func-
tional significance of the two domains recognized by PDE4 inhibitors was clari-
fied further in studies examining rolipram binding and PDE4 catalytic activity
in N-terminally truncated enzymes expressed in yeast COS and Sf9 cells (Jacob-
itz et al. 1996; Owens et al. 1997; Rocque et al. 1997). Specific regions within the
N-terminal domain of PDE4A are important for determining high-affinity bind-
ing by rolipram, and the removal of this site from the protein did not abolish
catalytic activity nor the ability of rolipram to inhibit PDE4 catalytic activity,
suggesting that binding to the high-affinity site is not a prerequisite for inhibi-
tion of catalytic activity (Jacobitz et al. 1996; Owens et al. 1997). Similarly, ex-



Selective Phosphodiesterase Inhibitors in the Treatment of Respiratory Disease 187

pression of an N-terminal truncated PDE4B2B (152-564) resulted in a protein
which lacked a high-affinity binding site for rolipram compared with PDE4B2B
(81-564) (Rocque et al. 1997), suggesting that specific sequences within the
N-terminal domain are necessary for the expression of high-affinity binding.
However, the binding of another PDE4 inhibitor, RP 73401 to PDE4A was unaf-
fected by the loss of this specific amino acid sequence within the N-terminal do-
main, but the ability of rolipram to displace RP 73401 binding was characterized
by a two-site binding model (Jacobitz et al. 1996). The implication of these find-
ings is that specific amino acid sequences outside the catalytic domain of PDE4
can alter the conformation of the protein, such that it binds rolipram with high
affinity and therefore the “high-affinity” binding site represents a different con-
formation of the same protein (Torphy et al. 1992; Jacobitz et al. 1996; Owens et
al. 1997; Rocque et al. 1997). There is biochemical evidence supporting the view
that PDE4 can exist in different conformational states, as different methods em-
ployed to isolate PDE4 from cells can lead to differences in catalytic activity and
inhibitor sensitivity (Kelly et al. 1996; Souness et al. 1996b). A number of intra-
cellular processes including phosphorylation (Alvarez et al. 1995; Lenhard et al.
1996; Sette et al. 1996; Hoffman et al. 1999; MacKenzie et al. 2000) or the pres-
ence of co-factors [eg magnesium ions (Laliberte et al. 2000)] are known to alter
PDEA4 catalytic activity.

Pharmacological studies have been employed in order to determine structure
activity relationships between different PDE4 inhibitors, and a number of func-
tional studies have shown correlation between PDE4 inhibitor potency and
the ability of PDE4 inhibitors to alter various aspects of cell function or roli-
pram binding. The ability of PDE4 inhibitors to induce gastric acid secretion
(Barnette et al. 1995) and emesis (Duplantier et al. 1996) and inhibit formyl-me-
thionyl-leucyl-phenylalanine (fMLP)-induced myeloperoxidase release from hu-
man neutrophils (Barnette et al. 1996), inhibition of purified solubilized PDE4
from guinea-pig eosinophils and potentiation of isoprenaline-induced cAMP ac-
cumulation from guinea-pig eosinophils (Souness et al. 1993) correlated with
the ability of these inhibitors to displace high-affinity rolipram binding. In con-
trast, the ability of compounds to inhibit PDE4 catalytic activity correlated with
the potency of these agents against lipopolysaccharide (LPS)-induced TNF-a re-
lease by human monocytes (Barnette et al. 1996; Souness et al. 1996b), fMLP-in-
duced superoxide production by guinea-pig eosinophils (Barnette et al. 1995)
and IL-2 release by murine splenocytes (Souness et al. 1997). The possibility
that PDE4 may exist as different conformers has been used in an attempt to dis-
cover novel inhibitors that are selective for the “low” affinity conformer, as this
subtype is suggested to be responsible for regulating cell function, while the
“high” affinity conformer is linked to the side-effect profile seen with PDE4 in-
hibitors.

The ability of PDE4 inhibitors to activate emetic centres within the CNS may
be a consequence of a peripheral action of these drugs secondary to raising in-
tracellular levels of cAMP in gastric acid secreting cells and/or afferent neurones
in the gut. Alternatively, stimulation of the area postrema, a region within the
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CNS with a poorly developed blood-brain barrier, making it accessible to sub-
stances within the circulation, can lead to activation of the emetic centre within
the CNS (Carpenter et al. 1988; Duplantier et al. 1996). Since emesis and gastric
acid secretion correlate with the potency of PDE4 inhibitors to displace roli-
pram binding (high-affinity PDE) led to the suggestion that drugs with low af-
finity for this site may be useful in improving the side-effect profile of these
drugs (Barnette et al. 1995, 1996). However, some aspects of cell function may
also correlate with inhibitors that target the “high”-affinity conformer and
suggest that this method may be of limited value for the future development
of PDE4 inhibitors with low emetic potential (Barnette et al. 1996). It is there-
fore of interest that CDP840 (Hughes et al. 1996) and SB 207499 (cilomilast)
(Christensen et al. 1998) demonstrate a “high”-to-“low” ratio of 5 and 1.3, re-
spectively. In contrast, rolipram is 1-2 orders of magnitude more selective for
the high-affinity binding site compared with inhibition of PDE4 catalytic activi-
ty (Torphy et al. 1992; Jacobitz et al. 1996; Hughes et al. 1996; Christensen et al.
1998). Accordingly, both compounds have low emetic potential and a reduced
side-effect profile in asthma (Harbinson et al. 1997; Christensen et al. 1998; Tor-
phy et al. 1999). Cilomilast has been shown to inhibit myeloperoxidase release
from human neutrophils with an equal potency to rolipram, even though this
particular cell function is modulated by the “high” PDE4 conformer (Barnette et
al. 1996). This suggests that a number of additional factors may govern why
these drugs demonstrate a better side-effect profile compared with other PDE
inhibitors. Cilomilast is negatively charged at normal pH that may retard its
ability to gain access to the area postrema, although clearly not enough to retard
access across inflammatory cells (Barnette et al. 1998; Torphy et al. 1999). It is
unclear whether the expression of splice variants of PDE4 in different cells also
contributes to the observed correlations between cell function and PDE4 inhibi-
tor potency or high-affinity rolipram binding because of the similarities in the
expression of PDE4 subtypes in these cells (Table 2) and the lack of subtype se-
lectivity of the PDE4 inhibitors tested in these studies.

Another approach that is being investigated is whether compounds can be
synthesized which exhibit selectivity for different PDE4 subtypes in an attempt
to diminish the side-effect profile and selectively target inflammatory cells.
While CDP840 does not demonstrate subtype selectivity for PDE4A, B and D
(Sullivan et al. 1994), Cilomilast shows a fivefold selectivity toward PDE4D com-
pared with the other two subtypes (Manning et al. 1999; Hersperger et al. 2000).
Cilomilast is considerably less emetic than rolipram and is well tolerated by
subjects, although it is not free from emesis. Therefore, there is clearly a need to
discover highly potent PDE4 inhibitors with an even better side-effect profile.
Consequently, a number of compounds have been synthesized that demonstrate
selectivity for either PDE4A/B or PDE4D with a difference of up to 55-fold
(Manning et al. 1999; Hersperger et al. 2000) and structure-activity relationships
have been documented. Thus, a significant correlation was found between
PDE4A/B inhibitory potency and inhibition of TNF-a release from monocytes,
proliferation of T lymphocytes and oxidative burst from human eosinophils. In
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contrast, no significant correlation between PDE4D inhibitory potency and in-
hibition of lymphocyte proliferation and TNF-a release from monocytes was
observed, consistent with the finding of weak PDE4D expression in these cells
(Manning et al. 1999) (Table 2). However, a correlation was observed against hu-
man eosinophil function and selectivity for PDE4D, consistent with the presence
of PDE4D in these cells (Hersperger et al. 2000). Therefore, it may be possible to
synthesize compounds that document greater subtype and cell selectivity. An
important question that needs to be addressed is whether selective targeting of
PDE4 subtypes will be sufficient to modulate inflammatory cell function, partic-
ularly if cells contain multiple PDE4 subtypes.

Pharmacokinetic considerations notwithstanding, there is some evidence that
selective targeting of PDE4D significantly improved the ability of compounds to
attenuate pulmonary eosinophil recruitment following antigen provocation in
allergic rats (Hersperger et al. 2000). In contrast, mice lacking the ability to ex-
press PDE4D have impaired growth and fertility, underlying the importance of
cAMP signalling in these processes (Jin et al. 1999). However, of particular inter-
est was the lack of effect of this gene disruption on lymphocyte proliferation,
IgE production, IL-4 production and eosinophil recruitment to the airways in a
model of murine inflammation (Hansen et al. 2000), features which are charac-
teristic of an allergic phenotype. This contrasts with the findings that the PDE4
inhibitor rolipram inhibited allergen-induced eosinophilia in a murine model of
airway inflammation (Kung et al. 2000). The lack of effect of this gene disrup-
tion upon eosinophil recruitment suggests redundancy concerning PDE4 regula-
tion of cAMP signalling in inflammatory cells, or alternatively, other PDE4 sub-
types play a greater role in regulating allergic inflammation (Manning et al.
1999).

It remains to be established whether drug targeting of PDE4A/B offers the ad-
vantage of suppressing inflammatory cell function in vivo while exhibiting a low
emetic profile, considering that PDE4D is expressed in the area postrema in rat
and mouse (Cherry et al. 1999; Takahashi et al. 1999).

5
Effect of PDE Inhibition on Inflammatory Cell Function

It is readily apparent that PDEs are widely distributed throughout the body and
regulate the function of many cells. Particular interest has focused on the role of
PDE4 and to a lesser extent PDE3 in disease as these enzymes are found in many
inflammatory cells. The following section will highlight the role of PDE isoen-
zymes in regulating the function of cells thought to participate in the inflamma-
tory process.
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5.1
Mast Cells and Basophils

The presence of PDE enzymes was confirmed in rat mast cells (PDE1 and
PDE3-5) (Alfonso et al. 1995) and basophils from healthy human subjects
(Peachell et al. 1992), using a variety of pharmacological, biochemical and mo-
lecular biochemical techniques. In human basophils, cGMP PDE activity was
minimal, appearing to be that of PDE5, while cAMP PDE activity was consider-
ably greater, comprising both PDE3 and PDE4 (Peachell et al. 1992). These ob-
servations are consistent with functional studies demonstrating inhibition of
leukotriene (LT)C, and anti-IgE-induced histamine or IL-4 and IL-13 release
from human basophils by rolipram (Kleine et al. 1992; Peachell et al. 1992;
Columbo et al. 1993; Shichijo et al. 1997; Weston et al. 1997; Barnette et al.
1998), denbufylline, Ro20-1724, RP73401, nitraquazone (Weston et al. 1997)
and cilomilast (Barnette et al. 1998). Certain of these compounds were found to
be ineffective against IgE-induced histamine release by human lung mast cells
(Weston et al. 1997), thus the nature of the PDE-regulating human lung mast
cell responses remains uncertain. Although agents that induce and sustain ele-
vations in intracellular cAMP appear to attenuate the stimulated release of me-
diators from both basophils and human lung mast cells, the responsiveness of
human lung mast cells and basophils to selected cAMP-active agents differs
markedly (Weston et al. 1998). In other studies, the PDE 4 inhibitor rolipram
attenuated LTC, and histamine release from murine mast cells (Griswold et al.
1993) and, in combination with forskolin, inhibited anti-IgE-induced increase of
intracellular calcium levels in human skin mast cells (Columbo et al. 1994).

The inhibitory effect of rolipram in basophils is potentiated by addition of
the PDE3 inhibitors siguazodan (SKF95654) or cilostazol (Peachell et al. 1992;
Shichijo et al. 1997), although the mixed PDE3 and 4 inhibitor zardaverine had
little effect over and above the PDE4 inhibitors alone (Kleine et al. 1992). Simi-
larly, the PDE3/4 inhibitor, benzafentrine (AH21-132) was observed to inhibit
antigen-induced histamine release from human lung fragments (Nagai et al.
1995). In contrast, neither the PDE3 inhibitors siguazodan, SKF95654 or cilosta-
zol alone (Peachell et al. 1992; Columbo et al. 1993; Shichijo et al. 1997; Weston
et al. 1997) nor the PDE5 inhibitor zaprinast (M&B 22,948) (Frossard et al.
1981; Weston et al. 1997) affected histamine or cytokine release from human ba-
sophils. These inhibitors also failed to inhibit histamine release by human lung
mast cells (Weston et al. 1997).

5.2
Neutrophil

A predominant PDE isoenzyme with high affinity for cAMP but insensitive to
c¢GMP and inhibited by rolipram was documented using diethylaminoethyl-se-
pharose chromatography, suggesting PDE4 activity (Nielson et al. 1990; Schudt
et al. 1991a,b). In addition to this, PDE4B mRNA has been described in human



Selective Phosphodiesterase Inhibitors in the Treatment of Respiratory Disease 191

neutrophils (Muller et al. 1996), with PDE4B2 thought to be the predominant
PDE isoform present (Wang et al. 1999). A cGMP-specific enzyme, identified as
PDE5, has also been purified in human neutrophils (Prigent et al. 1990; Schudt
et al. 1991b). These findings support a number of functional studies demon-
strating the ability of various PDE4 inhibitors to attenuate respiratory burst
(Nielson et al. 1990; Wright et al. 1990; Schudt et al. 1991b; Ferretti et al. 1994;
Ottonello et al. 1996), degranulation (Busse et al. 1981; Wright et al. 1990; Bar-
nette et al. 1996; Barnette et al. 1998), apoptosis (Yasui et al. 1997; Ottonello et
al. 1998; Niwa et al. 1999), chemotaxis (Ferretti et al. 1994), leukotriene biosyn-
thesis (Schudt et al. 1991b; Cortijo et al. 1996), chemokine release (IL-8) (Au et
al. 1998) and surface expression of the 2 integrins CD11a/CD18 and CD11b/
CD18 (Derian et al. 1995) in neutrophils. In contrast, the PDE3 inhibitors amri-
none, milrinone, imazodan and cilostamide had no significant effect on neutro-
phil superoxide anion production (Nielson et al. 1990; Wright et al. 1990) while
both milrinone and bemoradan were ineffective in attenuating the expression of
adhesion molecules in human neutrophils (Derian et al. 1995), milrinone has
also been observed to have no inhibitory effect on human neutrophil degranula-
tion. However, in a more recent study both amrinone and milrinone were ob-
served to reduce superoxide, hydrogen peroxide, and hydroxyl radical levels in
neutrophils, while neither were found to impair neutrophil chemotaxis or pha-
gocytosis (Mikawa et al. 2000).

53
Eosinophil

The presence of mRNA for PDE4D was first documented in guinea-pig eosino-
phils using reverse transcription polymerase chain reaction (RT-PCR) with
primers designed against specific sequences in rat PDE4 subtype DNA clones
(Souness et al. 1995). Studies to elucidate the PDE profiles of human eosinophils
have shown the presence of high levels of PDE4 activity (Hatzelmann et al. 1995;
Tenor et al. 1996; Gantner et al. 1997b); the majority of this activity was
observed in the cytosolic fraction of cells with some activity also observed in
the particulate fraction (Hatzelmann et al. 1995). RT-PCR analysis of levels of
PDE subtype messenger RNA expression in human eosinophils has revealed to-
tal PDE4 activity is a result of PDE4A, PDE4B and PDE4D subtype activity
(Gantner et al. 1997b). Selective PDE4 inhibition in eosinophils has been shown
to increase the level of intracellular cAMP (Souness et al. 1993; Dent et al. 1994;
Souness et al. 1995) and attenuate superoxide anion generation (Dent et al
1991, 1994; Hadjokas et al. 1995; Hatzelmann et al. 1995; Nicholson et al. 1995;
Souness et al. 1995; Cohan et al. 1996; Ezeamuzie 2001), LTB,-induced throm-
boxane release (Souness et al. 1994; Nicholson et al. 1995), and Ig- or C5a-in-
duced secretion of cationic proteins (Souness et al. 1995; Momose et al. 1998) in
both human and guinea-pig eosinophils. Moreover, PDE4 inhibitors attenuated
PAF, LTB, and C5a-induced release of LTC, from eosinophils (Tenor et al. 1996),
eosinophil chemotaxis in vitro (Kaneko et al. 1995; Alves et al. 1996; Cohan et
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al. 1996; Tenor et al. 1996; Alves et al. 1997; Santamaria et al. 1997) and PAF-in-
duced cell-surface CD11b upregulation (Santamaria et al. 1997; Momose et al.
1998). In some studies, the efficacy of PDE4 inhibitors was significantly in-
creased in the presence of cAMP-elevating drugs (Hadjokas et al. 1995; Hatzel-
mann et al. 1995; Tenor et al. 1996; Ezeamuzie 2001); and although only low lev-
els of PDE 3 activity have been observed in eosinophil cytosolic and particulate
fractions (Hatzelmann et al. 1995), co-treatment with both a PDE3 and a PDE4
inhibitor has shown increased inhibitory effects on eosinophil function (Blease
et al. 1998). In one study, cAMP-elevating drugs but not rolipram inhibited eosi-
nophil viability in culture (Hallsworth et al. 1996), while in separate studies,
PDE4-selective inhibition has been shown not to inhibit C5a-induced eosinophil
degranulation (Hatzelmann et al. 1995; Ezeamuzie 2001). The differing results of
these studies suggest that PDE4 inhibitors alone may not be sufficient to elevate
CcAMP in this cell type and therefore may not inhibit all aspects of eosinophil
function.

54
T Lymphocyte

Cyclic AMP PDE activity in the soluble and particulate fraction of enriched T
lymphocytes was inhibited by Ro-201724 and the PDE3 inhibitor C1-930 (Archer
et al. 1983), and both PDE3 and PDE4 have been confirmed in membrane
and cytosolic compartments of human CD4* and CD8* T lymphocytes (Tenor
et al. 1995b; Giembycz 1996). On closer inspection, PDE4A, PDE4B and PDE4D
were described in CD4* and CD8* human T lymphocytes (Giembycz 1996;
Landells et al. 2001b). Semiquantitative RT-PCR analyses of mRNA from healthy
and mild atopic subjects revealed that PDE4A and PDE4B2 were present in
both CD4" and CD8" cells and that PDE4D was expressed only in CD8" cells
(Gantner et al. 1997b). Increased PDE4A and PDE4B2 expression was observed
in CD4" cells from atopic subjects, although this did not appear to result in sig-
nificantly higher cAMP PDE activity (Gantner et al. 1997b). PDE3B has been
shown to account for the PDE3 activity in lymphocytes from healthy subjects
(Sheth et al. 1997), and a fragment corresponding to PDE7 has also been de-
scribed (Ichimura et al. 1993; Bloom et al. 1996; Giembycz 1996).

Functional studies have shown that PDE4, and to a lesser extent PDE3 in-
hibitors, attenuated mitogen-, antiCD3- and allergen-induced human T lympho-
cyte proliferation (Averill et al. 1988; Robicsek et al. 1991; Essayan et al. 1994;
Banner et al. 1995; Essayan et al. 1995; Schudt et al. 1995; Crocker et al. 1996;
Banner et al. 1997; Essayan et al. 1997; Gantner et al. 1997b; Barnette et al. 1998;
Banner et al. 1999). However, inhibition of lymphocyte proliferation was more
pronounced if dual inhibitors or a combination of PDE3 and PDE4 inhibitors
were used (Robicsek et al. 1991; Marcoz et al. 1993; Banner et al. 1995; Schudt et
al. 1995; Gantner et al. 1997b). Similarly, rolipram and Ro-201724 inhibited lym-
phocyte proliferation and contact hypersensitivity in oxazolone-treated mice
(Moodley et al. 1995). The phytohaemagglutinin (PHA)-induced or anti-CD3-in-
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duced proliferation of CD4* and CD8* T lymphocytes was inhibited in a con-
centration-dependent manner by rolipram but not SKF95654, consistent with
the ability of rolipram to elevate intracellular cAMP in these cells (Giembycz
1996). SKF95654 increased the inhibitory potency of rolipram against CD4* and
CD8" T lymphocyte proliferation, although complete inhibition was not
achieved. Similarly, it has been demonstrated that PDE7 activity is increased
upon activation of lymphocytes, and that this, in turn, correlates with decreased
cAMP and increased proliferation (Li et al. 1999). Furthermore, when PDE7 ex-
pression is reduced by a PDE7 antisense oligonucleotide, proliferation is re-
duced (Li et al. 1999). Thus, it appears that PDE4 and to a lesser degree, both
PDE3 and PDE7 may all play a role in regulating T lymphocyte proliferation.

Various studies have shown that elevating the level of intracellular cAMP may
preferentially inhibit the synthesis and release of T helper (Th)1 cytokines.
Thus, drugs which elevate intracellular level of cAMP, including forskolin and
prostaglandin (PG)E, (Munoz et al. 1990; Novak et al. 1990; Betz et al. 1991; van
der Pouw et al. 1992; Snijdewint et al. 1993), inhibited the production of Thl
but not Th2 cytokines, most likely via inhibition of IL-2 synthesis, reduction in
ti2 of IL-2 mRNA and IL-2 receptor (IL2R) expression by a PKA-dependent
mechanism (Averill et al. 1988; Anastassiou et al. 1992; Yoshimura et al. 1998;
Kanda et al. 2001).

The production of T lymphocyte-derived cytokines is also influenced by an-
tigen-presenting cells like monocytes. Indeed, PGE2 inhibited the release of
monocyte-derived IL-12, yet augmented the release of IL-10. These cytokines
are important for the proliferation of Thl and Th2 lymphocytes, respectively
(van der Pouw et al. 1995; Van der Pouw Kraan TCTM et al. 1996). In other stud-
ies, addition of exogenous PGE, to purified lymphocytes caused a marked re-
duction in IFN-y release (Chan et al. 1996). Similarly, rolipram attenuated the
PHA-induced or phorbol 12-myristate 13-acetate (PMA) and ionomycin-in-
duced release of IL-2 and IFN-y from CD4* and CD8" human T lymphocytes
(Giembycz et al. 1996) and IFN-y production by PHA-stimulated human periph-
eral blood mononuclear cells (Yoshimura et al. 1998). On the other hand, roli-
pram only inhibited T lymphocyte proliferation when the former stimulus was
used, suggesting the possible involvement of other cytokines in the proliferative
response (Giembycz 1996). In LPS-stimulated human peripheral blood mononu-
clear cells, rolipram was observed to inhibit IL-18 and TNF-o production
(Yoshimura et al. 1997). In each of these studies PDE3-selective inhibitors
showed little or no independent efficacy; however, they were observed to aug-
ment the efficacy of PDE4 inhibitors. Other studies have shown that rolipram
significantly reduced TNF-@, and to a lesser extent, IFN-y production in human
and rat auto-reactive T lymphocytes (Sommer et al. 1995) and was only partially
effective against TNF-a release from encephalitogenic T cells (Molnar et al
1993). In general, these studies support the view that elevation of cAMP inhibits
the generation of Th1-like cytokines but that PDE-mediated effects are selective.

It has now become increasingly apparent that intracellular cAMP can also
regulate the expression and release of cytokines from Th2 cells. It was estab-
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lished in a murine Th2 cell clone that rolipram had minimal effects on anti-
CD3-induced IL-4 production but enhanced IL-5 production via a PKA-depen-
dent pathway (Schmidt et al. 1995) which is consistent with the ability of dibu-
tyryl cAMP, in combination with PMA, to increase IL-5 mRNA expression and
protein levels in a mouse thymoma line (Lee et al. 1993). The effect of cAMP on
the expression of IL-5 mRNA is indirect, since there does not appear to be a
CAMP response element (CRE) consensus sequence in the IL-5 promoter. Fur-
thermore, dibutyryl cAMP inhibited the production of IL-2, IL-4 and IL-10 in
these cells, confirming the ability of cAMP to regulate the expression of Th2 cy-
tokines (Lee et al. 1993). Similarly, IBMX inhibited the synthesis of IL-2 and
IL-4, yet moderately affected IFN-y production in human T lymphocytes
(Snijdewint et al. 1993) and Ro-201724 and inhibited IL-4 and IL-5 secretion in
human Th2 cell lines (Crocker et al. 1996). Rolipram has also been observed to
reduce IL-2, IL-4 and IL-5 production by PHA-stimulated human peripheral
blood mononuclear cells (Yoshimura et al. 1998). The ability of cAMP to regu-
late Th2 cytokine production is not specific for T cell clones and cell lines. Roli-
pram inhibited ragweed (Th2)- but not tetanus toxoid (Thl)-driven prolifera-
tion of peripheral blood mononuclear cells (Essayan et al. 1994). This anti-pro-
liferative effect of rolipram against ragweed challenge was associated with a re-
duction in gene expression for IL-5 and IFN-y but not IL-4 (Essayan et al. 1995).
It was initially suggested that the relative resistance to inhibition by rolipram of
peripheral blood mononuclear cell proliferation to a Thl-driven stimulus may
be due to the lack of PDE4B in Jurkat cells (Essayan et al. 1995), and that this
may account for the inability of rolipram to effect IL-2 mRNA synthesis in these
cells (Lewis et al. 1993). The differential effect of PDE inhibitors on T lympho-
cyte cytokine generation was also suggested to be a function of the ability of dif-
ferent populations of T lymphocytes to elevate cAMP (Snijdewint et al. 1993;
Knudsen et al. 1995). It has since been reported that the enhanced sensitivity of
Th2 cells and the relative insensitivity of Thl to PDE inhibition is more likely to
be due to differential expression of PDE4 isoforms in these cell types. Investiga-
tion by RT-PCR revealed reduced gene expression for the PDE4C isoform and a
lack of gene expression for the PDE4D isoform in Thl cells when compared to
Th2 (Essayan et al. 1997).

It is clear that Th2 cell-derived cytokines can be inhibited by cAMP-elevating
drugs, particularly when a physiological stimulus such as antigen is used as op-
posed to mitogens or anti-CD3. Another factor which may influence whether
cAMP up- or downregulates the expression of Th2 cytokines is the availability
of IL-2 (Hilkens et al. 1995). Finally, cAMP-elevating agents, including prostag-
landin E,, inhibited the expression of monocyte-derived IL-12, yet augmented
the expression of IL-10 from monocytes, which would also be a determinant of
the expression of Thl and Th2 cytokines, particularly if antigen-presenting cells
and/or antigen presenting cell-dependent stimuli are used (van der Pouw et al.
1995).
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5.5
B Lymphocyte

Initially, studies of RNA from a human lymphocytic B cell line (43D-C12) re-
vealed a cDNA that encoded a protein with 93% homology to rat PDE4B (Ober-
nolte et al. 1993). It has since been demonstrated that cytosolic PDE4 is the pre-
dominant isoenzyme, followed by cytosolic PDE7-like activity, some PDE3 ac-
tivity was also noted in the particulate fraction (Gantner et al. 1998). Molecular
biology techniques were used in this study, allowing further investigation of the
PDE profile of human B lymphocytes. RT-PCR revealed PDE4A, PDE4B and
PDEA4D to be present; in addition, small amounts of PDE3A were also detected
(Gantner et al. 1998). A rise in the level of intracellular cAMP has been shown to
inhibit proliferation (Kammer 1988), differentiation (Huang et al. 1995), apopto-
sis (Mentz et al. 1995; Baixeras et al. 1996) and promote isotype switching by
IL-4 in murine and human B lymphocytes (Roper et al. 1990, 1995).

PGE2 inhibits IgE production induced by IL-4 in purified human B cells en-
riched with T lymphocytes (Pene et al. 1988). In contrast, the ff,-adrenoceptor
agonist, salbutamol was reported to potentiate IL-4-induced IgE production in
human peripheral blood mononuclear cells (Paul et al. 1993; Coqueret et al.
1995). The reason for this discrepancy remains to be established. However, the
expression of IgE in B cells is regulated by a low-affinity IgE receptor (CD23)
which is expressed on and released (soluble CD23) by B cells, a process that is
cAMP-dependent (Paul et al. 1994). It is known that PGE2 (Pene et al. 1988) but
not salbutamol (Coqueret et al. 1995) inhibits the expression of CD23 on B cells.
The role of cAMP in regulating human B lymphocyte function can only be re-
solved with purified populations of CD40" lymphocytes.

Very few studies have investigated the effect of PDE inhibitors on B lympho-
cyte function. Peripheral blood mononuclear cells from individuals with atopic
dermatitis have a propensity to generate IgE, which is inhibited by Ro-201724,
and appear to be mediated by a direct inhibition of the cAMP PDE activity of B
lymphocytes (Cooper et al. 1985). This result was reflected in a separate study
that showed cAMP PDE activity to be more susceptible to inhibition by both se-
lective PDE4 and non-selective PDE inhibitors in B lymphocyte homogenates
from atopic subjects when compared to healthy subjects (Chan et al. 1993a). Ro-
lipram and RP73401 (PDE4 inhibitor) increased intracellular cAMP levels and
augmented proliferation of LPS- and IL-4 stimulated human B lymphocytes
(Gantner et al. 1998). This effect was reduced by PKA inhibition, with PDDE4
activity being reduced by up to 50% in stimulated cells, thus showing stimula-
tion of B cell proliferation to be dependent on a PDE4-mediated increase in
cAMP. PDE3 inhibition was shown to have little effect in this model (Gantner et
al. 1998). In a another study, rolipram and Ro-301724 were shown to be ineffec-
tive in inhibiting IL-4-induced IgE production by human B lymphocytes
(Coqueret et al. 1997).
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5.6
Monocyte

Many groups using various assay techniques to detect cAMP activity in cell
homogenates have studied the isoenzyme profile of human monocytes. Purified
human monocytes were found to contain PDE4 almost exclusively in the cytosol
(Tenor et al. 1995a), consistent with the description of PDE4A, PDE4B (specifi-
cally PDE4B2) and PDE4D in these cells (Manning et al. 1996; Souness et al.
1996b; Gantner et al. 1997a). Small amounts of membrane-bound PDE3 have
also been observed, and although investigated, no PDE2, PDE5 nor PDE4C ex-
pression could be described (Manning et al. 1996; Souness et al. 1996b; Gantner
et al. 1997a). Functional studies demonstrated that rolipram attenuated leuko-
triene production (Griswold et al. 1993), cytokine secretion (Crocker et al.
1998) and arachidonic acid release (Hichami et al. 1995, 1996) from human
monocytes. Furthermore, PDE4 and to a lesser extent, PDE3 inhibitors, attenu-
ated endotoxin or LPS-induced TNF-a production in monocytes (Molnar et al.
1993; Prabhakar et al. 1994; Schudt et al. 1995; Seldon et al. 1995; Sinha et al.
1995; Verghese et al. 1995; Barnette et al. 1996; Greten et al. 1996; Souness et al.
1996a; Gantner et al. 1997a; Siegmund et al. 1997; Eigler et al. 1998; Landells et
al. 2000). Similarly, the PDE4 inhibitor CP80633 inhibited the release of TNF-a
induced by LPS in human monocytes (Cohan et al. 1996). The effect of PDE4
inhibitors on TNF-a production was a consequence of a reduction in TNF-a
mRNA expression and protein activity(Prabhakar et al. 1994; Verghese et al.
1995; Greten et al. 1996; Siegmund et al. 1997). PDE4 inhibitors either have no
effect (Prabhakar et al. 1994) or inhibited IL-18 release (Molnar et al. 1993;
Verghese et al. 1995), but did not inhibit IL-18 mRNA expression (Verghese et
al. 1995). As with non-selective PDE inhibition, rolipram was also observed to
enhance IL-10 production, an effect that was reversed by addition of a selective
PKA inhibitor (Siegmund et al. 1997; Eigler et al. 1998).

57
Macrophage

The PDE profile of monocyte-derived macrophages from healthy subjects has
been determined; PDE4 activity was observed to be lower and PDE1 and PDE3
activities increased in comparison to monocytes (Gantner et al. 1997a). In hu-
man alveolar macrophages, large amounts of PDE1 and also PDE5 account for
¢GMP PDE activity, while an equivalent expression of both PDE3 and PDE4 are
responsible for the cAMP PDE activities observed (Tenor et al. 1995a). PDE3 is
located in both cytosolic and membrane compartments while PDE1, PDE4 and
PDES5 are predominantly located in the cytosol (Schudt et al. 1995; Tenor et al.
1995a). Exposure of macrophages to inflammatory stimuli leads to a decrease in
intracellular cAMP (Bachelet et al. 1991); in this way LPS-induced secretion of
TNF-a by monocyte-derived macrophages was inhibited by the cAMP elevators
dibutyryl cAMP, PGE, and forskolin (Gantner et al. 1997a). Similarly, 8-bromo
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cAMP, PGE, and cholera toxin reduced IL-1¢ expression and caused a downreg-
ulation of TNF-a gene expression in LPS-stimulated human macrophages
(Zhong et al. 1995), while both dibutyryl cAMP and 8-bromo cAMP were ob-
served to cause an inhibition of thromboxane B, release in alveolar macro-
phages (Fuller 1990; Baker et al. 1992).

Ro-201724 alone, or in combination with isoprenaline, attenuated zymosan
or IgE/anti-IgE complex-induced release of TXB,, LTB, and superoxide anion
(Fuller et al. 1988). Similarly, rolipram, RP73401 and the dual PDE3/PDE4 inhib-
itor, zardaverine, inhibited LPS-induced TNF-a release from human alveolar
macrophages (Schade et al. 1993; Schudt et al. 1995; Gantner et al. 1997a). In this
model, motapizone (PDE3 inhibitor) alone acted as a weak inhibitor, and com-
bination of this compound with either rolipram or RP73401 caused total inhibi-
tion of TNF-a release (Gantner et al. 1997a). Rolipram has also been shown to
reduce LPS-induced TNF-a release from macrophages obtained from Lewis rats
with experimental autoimmune encephalomyelitis (Molnar et al. 1993), while
higher concentrations of both rolipram and zardaverine have been shown to at-
tenuate the release of LTC4 by LPS in murine resident peritoneal macrophages
(Schade et al. 1993). However, fMLP-induced superoxide anion production in
guinea-pig peritoneal macrophages remained unaffected by PDE4 inhibition
(Turner et al. 1993).

5.8
Bronchial Epithelium

The PDE profile of bronchial epithelial cells has been identified. In an early
study, PDE1-5 were isolated from airway epithelium with PDE3 predominantly
localized to the membrane fraction (Rousseau et al. 1994). In more recent stud-
ies, analysis of PCR products from primary airway epithelial cell cultures re-
vealed the presence of several PDE4 splice variants—PDE4A5, PDE4C1, PDE4D2
and PDE4D3—and also provided evidence of PDE7 expression through demon-
stration of PDE7 mRNA (Fuhrmann et al. 1999). Alterations in the levels of in-
tracellular cAMP have long been recognized to regulate chloride channel activity
in the epithelium. It is of interest, therefore, that airway epithelium chloride
channel activity was increased in the presence of the PDE3 inhibitor milrinone,
but neither rolipram, Ro-201724 nor IBMX were active (Kelley et al. 1995). This
effect was mediated by a protein kinase-dependent pathway but was found to be
unrelated to changes in total cAMP content, once again underlining the possibil-
ity that compartmentalization of cAMP in cells is important in regulating pro-
tein function (Kelley et al. 1995). Similarly, in functional studies, PDE inhibitors
have been shown to have limited effects on bronchial epithelium. Rolipram was
observed to inhibit bacteria-induced epithelial damage of bronchial mucosa
(Dowling et al. 1997). However, in other studies, IBMX had no effect on basal or
TNF-a-induced IL-8 release (Dent et al. 1998), and neither IBMX nor rolipram
had any effect on bradykinin-induced PGE, release in human bronchial epithe-
lial cells grown in primary culture (Dent et al. 1998).
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59
Vascular Endothelium

Characterization of cAMP PDE revealed the presence of cAMP PDE3 and PDE4
in bovine and pig aortic endothelial cells in culture (Lugnier et al. 1990; Souness
et al. 1990) and PDE2-4 in porcine pulmonary artery endothelial cells in culture
(Suttorp et al. 1993). Functional studies have revealed the PDE profile of human
vascular endothelial cells, which have been shown to express large amounts of
PDE2, 3 and 4 (Suttorp et al. 1996). An increase in the intracellular level of
cAMP within the endothelium attenuated transendothelial cell permeability
(Casnocha et al. 1989; Stelzner et al. 1989). Both IBMX and pentoxifylline, inhib-
ited thrombin- (Casnocha et al. 1989) and endotoxin-induced (Sato et al. 1991)
increase in permeability of human umbilical vein and bovine pulmonary artery
endothelial cell monolayers in culture, respectively. Interestingly, the effect of
pentoxifylline on endothelial cell permeability was not associated with an in-
crease in intracellular cAMP (Sato et al. 1991) and might reflect compartmental-
ization of cAMP within cells. Motapizone, rolipram and zardaverine significant-
ly reduced hydrogen peroxide-induced permeability of porcine pulmonary ar-
tery endothelial cells (Suttorp et al. 1993), implicating a role for PDE3 and PDE4
in this response. Similarly, in human endothelial cell layers, adenylyl cyclase ac-
tivation by either forskolin, cholera toxin or prostaglandin E1, or treatment with
the PDE3 and/or PDE4 inhibitors motapizone, rolipram and zardaverine, was
seen to abrogate thrombin or HIyA (Escherichia coli haemolysin, a membrane-
perturbing bacterial endotoxin) induced hyperpermeability (Suttorp et al.
1996).

The endothelium also provides an interface for the adhesion and transmigra-
tion of inflammatory cells from the blood into sites of inflammation. The
transendothelial migration of lymphocytes but not monocytes through human
endothelial cells in culture was attenuated by theophylline and Ro-201724
(Lidington et al. 1996). It remains to be established whether the surface expres-
sion of adhesion proteins is inhibited, although an effect on lymphocyte mobili-
ty was observed. Similarly, R-rolipram inhibited PMA and TNF-a-stimulated
guinea-pig eosinophil adhesion to human umbilical cord vein endothelial cells
(HUVECsS) in culture (Torphy et al. 1994).

IBMX attenuated TNF-induced expression of endothelial leukocyte adhesion
molecule 1 (ELAM-1 or E-selectin), vascular cell adhesion molecule 1 (VCAM-1)
but not intercellular adhesion molecule 1 (ICAM-1) in forskolin-treated human
umbilical cord vein endothelial cells in culture (Pober et al. 1993). Similarly,
treatment of HUVECs with selective PDE4 inhibitors has also been shown to in-
hibit E-selectin but not VCAM1 expression (Morandini et al. 1996). In contrast,
pentoxifylline in combination with dibutyryl cCAMP failed to attenuate the TNF-
a-induced expression of any of these adhesion molecules (Deisher et al. 1993).
Rolipram in combination with salbutamol has been shown to inhibit TNF-g-in-
duced E-selectin expression, whilst ICAM-1 and VCAM-1 expression were not af-
fected. In the same study, the PDE 3 inhibitor ORG 9935 had no effect on CAM
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expression alone, but in combination with rolipram, a synergistic inhibition of
VCAM-1 and E-selectin, but not ICAM-1, expression was observed (Blease et al.
1998). In this way, a combination of both PDE3 and PDE4 inhibition appears to
be more effective in reducing CAM expression than inhibition of either isoen-
zyme alone. Clearly, further studies are required to determine the exact role
played by cAMP in expression of adhesion molecules on vascular endothelial
cells.

5.10
Vascular Smooth Muscle

Cyclic nucleotide PDE activity in human, bovine and rat aorta was resolved into
three peaks characterized by PDE1, PDE3 and PDES5, respectively (Lugnier et al.
1986). In later studies, PDE4 was observed in rat aorta (Yu et al. 1995) and me-
senteric artery (Komas et al. 1991); and in pig aorta, PDE1 (soluble), PDE3 (sol-
uble and particulate) and PDE4 (predominantly soluble) activity was found
(Xiong et al. 1995). PDE1-5 were detected in the cytosolic fraction of human
aorta (Miyahara et al. 1995), and in more recent studies, advanced molecular bi-
ology techniques on a range of vascular smooth muscle tissues have revealed
more specific expression of isoenzyme subtypes. These include PDE5A1 and
PDE5A2 in human aortic smooth muscle cells (Loughney et al. 1998), PDE3A
and PDE3B in human blood vessel vascular smooth muscle cells (Palmer et al.
2000) and more specifically, PDE3Al in human aortic myocytes (Choi et al.
2001). These biochemical studies are consistent with functional studies showing
vasodilation of human mesenteric vessels, coronary, lung and renal arteries
(Lindgren et al. 1989, 1991) and rat aorta (Yu et al. 1995) by PDE3 inhibitors,
including milrinone, and vasodilation of rabbit aorta by the mixed PDE3/4 in-
hibitor ORG20421 (Nicholson et al. 1995). Interestingly, the ability of PDE4 and
PDES5 inhibitors to induce relaxation of rat aorta is dependent on the presence
of endothelium-derived nitric oxide (Lugnier et al. 1993; Yu et al. 1995). The en-
dothelium-dependence of the relaxant response to PDE4 inhibitors was subse-
quently shown to be due to nitric oxide-induced elevation of cGMP which inhib-
ited PDE3, thereby increasing the level of intracellular cAMP in vascular smooth
muscle (Archer et al. 1983). A similar finding was noted for pentoxifylline and
theophylline, although relaxation mediated by theophylline was endothelium-in-
dependent and has been attributed to the different affinities these drugs have
for PDE3 and PDE4 (Marukawa et al. 1994). These studies highlight the cross-
talk in vascular tissue between the nitric oxide/cGMP pathway and the cAMP
pathway.

There is an abundance of PDE in human pulmonary artery according to the
profile: PDE5=PDE3>>PDE4, while PDE1 was relatively scarce (Rabe et al.
1995). Both PDE3 and PDE5 were predominantly located in the cytosolic frac-
tion. The biochemical data are supported by functional studies, which showed
that vasodilation of human pulmonary artery by zardaverine and motapizone
was greater than for rolipram (Rabe et al. 1994). Recent studies have also re-
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vealed expression of PDE2 in human pulmonary artery, more specifically
PDE2A (Sadhu et al. 1999).

The role of PDE in regulating vascular smooth muscle proliferation has also
been investigated. The PDE3 inhibitor cilostazol attenuated growth factor-in-
duced [’H]-thymidine incorporation into DNA and cell growth of rat aortic ar-
terial smooth muscle cells in culture (Takahashi et al. 1992). Similarly, in a cell
line derived from embryonic rat aorta that contained both PDE3 and PDE4 ac-
tivity (~30% and 70%, respectively), the combined use of PDE3 and PDE4 in-
hibitors attenuated cell proliferation to a greater extent than either alone (Pan et
al. 1994) and IBMX inhibited surgery-induced intimal thickening in organ cul-
tures of human saphenous vein (Revel et al. 1992).

51
Airway Smooth Muscle

Biochemical investigations have documented PDE1-5 in dog (Torphy et al.
1990), bovine (Shahid et al. 1991), guinea-pig (Harris et al. 1989; Burns et al.
1994; Miyamoto et al. 1994) and human airway smooth muscle (de Boer et al.
1992; Rabe et al. 1993; Torphy et al. 1993), with most of the PDE activity located
in the cytosol. Airway smooth muscle relaxation is observed following inhibi-
tion of PDE3 and PDE4 in canine (Silver et al. 1988; Torphy et al. 1988; Torphy
et al. 1991), guinea-pig tracheal (Harris et al. 1989; Tomkinson et al. 1993;
Miyamoto et al. 1994; Spina et al. 1995), and human airway preparations (de
Boer et al. 1992; Cortijo et al. 1993; Qian et al. 1993; Rabe et al. 1993; Torphy et
al. 1993; Fujii et al. 1998). In contrast, inhibition of PDE4 and not PDE3 corre-
lated with smooth muscle relaxation in bovine trachea (Shahid et al. 1991).

The contribution of PDE3 and PDE4 to human airway smooth muscle relax-
ation has been investigated. The non-selective PDE inhibitors theophylline, pen-
toxifylline and IBMX, the PDE4-selective inhibitors rolipram, denbufylline and
D22888, and the PDE3 inhibitor ORG9935 have all been observed to relax inher-
ent bronchial smooth muscle tone, while the PDES5 selective inhibitor zaprinast
remained ineffective (de Boer et al. 1992; Cortijo et al. 1993; Qian et al. 1993;
Rabe et al. 1993; Dent et al. 1998). Similarly, the combination of PDE3 and PDE4
inhibitors, or the use of a dual PDE3/4 inhibitor resulted in significant relax-
ation of smooth muscle tone (de Boer et al. 1992; Rabe et al. 1993). In sponta-
neously contracted human bronchial preparations, relaxation by rolipram was
greater than siguazodan (Qian et al. 1993) and SKF94120 was more potent than
rolipram (Rabe et al. 1993). Thus, the relaxation potency of the PDE3 inhibitor
ORG9935 was less when methacholine and not histamine was used as the spas-
mogen, which was not seen for rolipram (de Boer et al. 1992). In contrast, sigua-
zodan was more efficacious than rolipram in spasmogen-contracted tissue (Qian
et al. 1993; Torphy et al. 1993). Histamine-, acetylcholine- and methacholine-in-
duced contraction of human bronchi were significantly attenuated by aminoph-
ylline, T440 (PDE4 inhibitor) and ORG20241 (PDE3/4 inhibitor) (Nicholson et
al. 1995; Fujii et al. 1998), but although it has been demonstrated that theophyl-
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line, IBMX and zardaverine inhibit the contractile response to allergen, RP73401
(PDE4 inhibitor) and motapizone were without effect (Schmidt et al. 1997). Dif-
ferences in the degree of basal tone, age and source of the tissue, variability in
tissue response to relaxant agonists and methodology may account for the con-
flicting reports. Clearly, the greater efficacy demonstrated by mixed PDE3/4 in-
hibitors as relaxant agonists compared with subtype-selective enzyme inhibitors
implies a role for both PDE3 and PDE4 in mediating relaxation of human airway
smooth muscle (de Boer et al. 1992; Rabe et al. 1993).

The role of PDE in the regulation of airway smooth muscle proliferation has
only received scant attention; nonetheless, IBMX was observed to attenuate
thrombin-induced mitogenesis of human cultured airway smooth muscle cells
(Tomlinson et al. 1995). In another study, the PDE3 inhibitor siguazodan and
the non-selective PDE inhibitor IBMX were observed to inhibit both [3H]thymi-
dine incorporation and the increase in cell number induced by platelet-derived
growth factor in human cultured airway smooth muscle cells, while the PDE4
inhibitor rolipram had no effect (Billington et al. 1999).

6
Clinical Studies of PDE Inhibitors in Asthma and COPD

PDE inhibitors are currently being developed for the treatment of asthma and
COPD although side effects including nausea and emesis have hampered the de-
velopment of some examples of this class of drug into the clinic. To date, there
are a limited number of clinical studies investigating the efficacy of PDE in-
hibitors in the treatment of asthma. Inhalation of zardaverine was shown to pro-
duce a modest bronchodilator effect in patients with asthma, although unaccept-
able side effects of nausea and emesis were reported in a significant number of
patients (Brunnee et al. 1992), while oral administration of cilostazol (PDE3 in-
hibitor) caused bronchodilation and bronchoprotection against methacholine
challenge in healthy subjects at the expense of mild to severe headache (Fujimura
et al. 1995). AH-2132 (benzafentrine; a mixed PDE3/4 inhibitor) has also been
reported to have significant bronchodilator activity in normal volunteers (Foster
et al. 1992); the PDEA4 inhibitor, ibudilast significantly improved baseline airways
responsiveness to spasmogens by twofold after 6 months treatment (Kawasaki et
al. 1992), and MKS492 (PDE3 inhibitor) has been reported to attenuate the early
and late asthmatic response in atopic asthmatics (Bardin et al. 1998).

Recently, the orally active PDE4 selective inhibitors, CDP840 (Harbinson et
al. 1997) and roflumilast (Nell et al. 2000) have been demonstrated to modestly
attenuate the development of the late asthmatic response in mild asthmatics
whilst having no effect on the acute response, with no significant side effects be-
ing reported in comparison with placebo. The ability of these novel selective
PDE4 inhibitors to inhibit the late asthmatic response was not associated with
bronchodilation, suggesting actions of this drug other than smooth muscle re-
laxation. Furthermore, the PDE4 inhibitor RP 73401, has also been shown to
have no significant effect on allergen-induced bronchoconstriction in allergic
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asthmatic subjects (Jonker et al. 1996). These data are consistent with the sug-
gestion that PDE3 rather than PDE4 may be the important isoenzyme regulating
airway smooth muscle tone in asthmatic subjects. However, recent clinical stud-
ies with another orally active PDE4 inhibitor, cilomilast have shown that this
drug can attenuate bronchoconstriction following exercise in asthmatic subjects
(Nieman et al. 1998), an effect mimicked by 4 weeks of treatment with the selec-
tive PDE4 inhibitor, roflumilast (Timmer et al. 2000), although the effect of the
latter drug was accompanied by a reduction in TNF-a levels. This would suggest
that PDE4 inhibition can influence inflammatory cell function in vivo. The oral
administration of V11294 has also been shown to reduce TNF-a levels in healthy
volunteers (Landells et al. 2001a).

More recently, cilomilast administered to asthmatic subjects taking inhaled
glucocorticosteroids or individuals with COPD (Torphy et al. 1999) demonstra-
ted improvements in baseline lung function and was well tolerated with doses
up to 15 mg b.i.d. The mechanism of the beneficial action observed with cilomi-
last is unlikely to be due to bronchodilation per se, since this drug has modest
effects on airway smooth muscle function (Underwood et al. 1998). An explana-
tion for the beneficial effect of cilomilast might include suppression of bronchial
hyperresponsiveness secondary to a reduction of airway inflammation that
would lead to improvements in lung function and/or reduction in afferent nerve
activity and thereby reducing reflex bronchoconstriction.

7
Conclusion

Our increasing knowledge of the molecular biology of the expanding PDE fami-
ly of enzymes provides exciting opportunities for the development of highly se-
lective, even disease-specific drugs. It is already apparent that encouraging signs
beginning to emerge concerning the development of novel PDE4 inhibitors will
not only assist in our understanding of the role of PDE4 subtypes in the regula-
tion of cell function, but also offer the potential to find novel treatments for res-
piratory diseases (Torphy et al. 2000).

References

Alfonso, A., Estevez, M., Louzao, M. C,, Vieytes, M. R., and Botana, L. M. Determination
of phosphodiesterase activity in rat mast cells using the fluorescent cAMP analogue
anthraniloyl cAMP. Cell Signal. 7(5), 513-518. 1995

Aloui, R., Gormand, F, Prigent, A. F, PerrinFayolle, M., and Pacheco, Y. Increased respi-
ratory burst and phosphodiesterase activity in alveolar eosinophils in chronic eosi-
nophilic pneumonia. Eur.Respir.]. 9, 377-379. 1996

Alvarez, R,, Sette, C., Yang, D., Eglen, R. M., Wilhelm, R., Shelton, E. R., and Conti, M.
Activation and selective inhibition of a cyclic AMP-specific phosphodiesterase, PDE-
4D3. Mol.Pharmacol. 48(4), 616-622. 1995



Selective Phosphodiesterase Inhibitors in the Treatment of Respiratory Disease 203

Alves, A. C,, Pires, A. L., Lagente, V., Cordeiro, R. S., Martins, M. A., and Silva, P. M. Ef-
fect of selective phosphodiesterase inhibitors on the rat eosinophil chemotactic re-
sponse in vitro. Mem.Inst.Oswaldo Cruz 92 Suppl 2, 201-204. 1997

Alves, A. C., Pires, A. L. A., Cruz, H. N,, Serra, M. E, Diaz, B. L., Cordeiro, R. S. B.,
Lagente, V, Martins, M. A., and de Silva, P. M. R. Selective inhibition of phosphodies-
terase type IV suppresses the chemotactic responsiveness of rat eosinophils in vitro.
Eur.J.Pharmacol. 312, 89-96. 1996

Anastassiou, E. D., Paliogianni, F, Balow, ]. P., Yamada, H., and Boumpas, D. T. Prostag-
landin E2 and other cyclic AMP-elevating agents modulate IL-2 and IL-2R alpha gene
expression at multiple levels. J.Immunol. 148(9), 2845-2852. 1992

Archer, C. B., Morley, J., and MacDonald, D. M. Impaired lymphocyte cyclic adenosine
monophosphate responses in atopic eczema. Br.J.Dermatol. 109(5), 559-564. 1983

Au, B. T, Teixeira, M. M., Collins, P. D., and Williams, T. J. Effect of PDE4 inhibitors on
zymosan-induced IL-8 release from human neutrophils: synergism with prostanoids
and salbutamol. Br.J.Pharmacol. 123(6), 1260-1266. 1998

Averill, L. E., Stein, R. L., and Kammer, G. M. Control of human T-lymphocyte interleu-
kin-2 production by a cAMP- dependent pathway. Cell Immunol. 115(1), 88-99. 1988

Bachelet, M., Vincent, D., Havet, N., Marrash, Chahla, Pradalier, A., Dry, J., and Vargaftig,
B. B. Reduced responsiveness of adenylate cyclase in alveolar macrophages from pa-
tients with asthma. J.Allergy Clin.Immunol. 88(3 Pt 1), 322-328. 1991

Baixeras, E., GarciaLozano, E., and Martinez, A. C. Decrease in cAMP levels promoted by
CD48-CD2 interaction correlates with inhibition of apoptosis in B cells. Scand.]J.Im-
munol. 43, 406-412. 1996

Baker, A. J. and Fuller, R. W. Effect of cyclic adenosine monophosphate, 5’-(N- ethylcar-
boxyamido)-adenosine and methylxanthines on the release of thromboxane and lyso-
somal enzymes from human alveolar macrophages and peripheral blood monocytes
in vitro. Eur.J.Pharmacol. 211(2), 157-161. 1992

Banner, K. H., Harbinson, P., Costello, J. F, and Page, C. P. Effect of PDE inhibitors on the
proliferation of human peripheral blood mononuclear cells (HPBM) from mild asth-
matics and normals. Am.J.Resp.Crit.Care Med. 155(4). 1997

Banner, K. H., Hoult, J. R., Taylor, M. N., Landells, L. J., and Page, C. P. Possible Contribu-
tion of Prostaglandin E2 to the antiproliferative effect of phosphodiesterase 4 in-
hibitors in human mononuclear cells. Biochem.Pharmacol. 58(9), 1487-1495. 1-11-
1999

Banner, K. H., Roberts, N. M., and Page, C. P. Differential effect of phosphodiesterase 4
inhibitors on the proliferation of human peripheral blood mononuclear cells from
normals and subjects with atopic dermatitis. Br.J.Pharmacol. 116, 3169-3174. 1995

Bardin, P. G., Dorward, M. A., Lampe, F. C,, Franke, B., and Holgate, S. T. Effect of selec-
tive phosphodiesterase 3 inhibition on the early and late asthmatic responses to in-
haled allergen. Br.].Clin.Pharmacol. 45(4), 387-391. 1998

Barnette, M. S., Bartus, J. O., Burman, M., Christensen, S. B., Cieslinski, L. B., Esser, K.
M., Prabhakar, U. S., Rush, J. A., and Torphy, T. J. Association of the anti-inflammato-
ry activity of phosphodiesterase 4 (PDE4) inhibitors with either inhibition of PDE4
catalytic activity or competition for [3H]rolipram binding. Biochem.Pharmacol.
51(7), 949-956. 1996

Barnette, M. S., Christensen, S. B., Essayan, D. M., Grous, M., Prabhakar, U.,, Rush, J. A,,
Kagey, Sobotka A., and Torphy, T. ]. SB 207499 (Ariflo), a potent and selective sec-
ond-generation phosphodiesterase 4 inhibitor: in vitro anti-inflammatory actions.
J.Pharmacol.Exp.Ther. 284(1), 420-426. 1998

Barnette, M. S., Grous, M., Cieslinski, L. B., Burman, M., Christensen, S. B., and Torphy,
T. J. Inhibitors of phosphodiesterase IV (PDE IV) increase acid secretion in rabbit
isolated gastric glands: correlation between function and interaction with a high-af-
finity rolipram binding site. J.Pharmacol.Exp.Ther. 273(3), 1396-1402. 1995



204 N. A. Jones et al.

Beavo, J. A. Cyclic nucleotide phosphodiesterases: functional implications of multiple iso-
forms. Physiol.Rev. 75(4), 725-748. 1995

Betz, M. and Fox, B. S. Prostaglandin E2 inhibits production of Thl lymphokines but not
of Th2 lymphokines. J.Immunol. 146(1), 108-113. 1991

Beusenberg, F. D., Van Amsterdam, J. G. C., Hoogsteden, H. C., Hekking, P. R. M,
Brouwers, JW, Schermers, H. P,, and Bonta, I. L. Stimulation of cyclic AMP produc-
tion in human alveolar macrophages induced by inflammatory mediators and beta-
sympathicomimetic. European Journal of Pharmacology-Environmental Toxicology
& Pharmacology Section 228(1), 57-62. 1992

Billington, C. K., Joseph, S. K., Swan, C., Scott, M. G., Jobson, T. M., and Hall, I. P. Modu-
lation of human airway smooth muscle proliferation by type 3 phosphodiesterase in-
hibition. Am.].Physiol 276(3 Pt 1), L412-L419. 1999

Blease, K., Burke-Gaffney A., and Hellewell, P. G. Modulation of cell adhesion molecule
expression and function on human lung microvascular endothelial cells by inhibition
of phosphodiesterases 3 and 4. Br.J].Pharmacol. 124(1), 229-237. 1998

Bloom, T. J. and Beavo, J. A. Identification and tissue-specific expression of PDE7 phos-
phodiesterase splice variants. Proc.Natl.Acad.Sci.U.S.A 93(24), 14188-14192. 26-11-
1996

Bousquet, ], Jeffery, P. K., Busse, W. W,, Johnson, M., and Vignola, A. M. Asthma—From
bronchoconstriction to airways inflammation and remodeling. American Journal of
Respiratory and Critical Care Medicine 161(5), 1720-1745. 2000

Brunnee, T., Engelstatter, R., Steinijans, V. W., and Kunkel, G. Bronchodilatory effect of
inhaled zardaverine, a phosphodiesterase III and IV inhibitor, in patients with asth-
ma. Eur.Respir.]. 5(8), 982-985. 1992

Burns, F, Stevens, P. A., and Pyne, N. J. The identification of apparently novel cyclic AMP
and cyclic GMP phosphodiesterase activities in guinea-pig tracheal smooth muscle.
Br.J.Pharmacol. 113(1), 3-4. 1994

Busse, W. W. and Anderson, C. L. The granulocyte response to the phosphodiesterase in-
hibitor RO 20-1724 in asthma. J.Allergy Clin.Immunol. 67(1), 70-74. 1981

Carpenter, D. O., Briggs, D. B., Knox, A. P, and Strominger, N. Excitation of area pos-
trema neurones by transmitters, peptides and cyclic nucleotides. ].Neurophysiol. 59,
358-369. 1988

Casnocha, S. A, Eskin, S. G, Hall, E. R., and McIntire, L. V. Permeability of human endo-
thelial monolayers: effect of vasoactive agonists and cAMP. J.Appl.Physiol. 67(5),
1997-2005. 1989

Chan, S. C. and Hanifin, J. M. Differential inhibitor effects on cyclic adenosine mono-
phosphate- phosphodiesterase isoforms in atopic and normal leukocytes [see com-
ments]. J.Lab.Clin.Med. 121(1), 44-51. 1993a

Chan, S. C., Henderson, W. R., Jr., Shi-Hua, L., and Hanifin, ]J. M. Prostaglandin E2 con-
trol of T cell cytokine production is functionally related to the reduced lymphocyte
proliferation in atopic dermatitis. J.Allergy Clin.Immunol. 97, 85-94. 1996

Chan, S. C., Reifsnyder, D., Beavo, J. A., and Hanifin, J. M. Inmunochemical characteriza-
tion of the distinct monocyte cyclic AMP-phosphodiesterase from patients with atop-
ic dermatitis. J.Allergy Clin.Immunol. 91(6), 1179-1188. 1993b

Cherry, J. A. and Davis, R. L. Cyclic AMP phosphodiesterases are localized in regions of
the mouse brain associated with reinforcement, movement and affect. J.Comp.Neu-
rol. 407, 287-301. 1999

Choi, Y. H., Ekholm, D., Krall, J., Ahmad, F, Degerman, E., Manganiello, V. C., and
Movsesian, M. A. Identification of a novel isoform of the cyclic-nucleotide phospho-
diesterase PDE3A expressed in vascular smooth-muscle myocytes. Biochem.]. 353(Pt
1), 41-50. 1-1-2001

Christensen, S. B., Guider, A., Forster, C. ., Gleason, . G., Bender, P. E., Karpinski, J. M.,
DeWolf, W. E. Jr, Barnette, M. S., Underwood, D. C., Griswold, D. E., Cieslinski, L. B.,
Burman, M., Bochnowicz, S., Osborn, R. R., Manning, C. D., Grous, M., Hillegas, L.



Selective Phosphodiesterase Inhibitors in the Treatment of Respiratory Disease 205

M., Bartus, J. O, Ryan, M. D., Eggleston, D. S., Haltiwanger, R. C., and Torphy, T. J.
1,4-Cyclohexanecarboxylates: potent and selective inhibitors of phosphodiesterase 4
for the treatment of asthma. J.Med.Chem. 41(6), 821-835. 12-3-1998

Cohan, V. L., Showell, H. J., Fisher, D. A., Pazoles, C. J., Watson, ]J. W., Turner, C. R., and
Cheng, J. B. In vitro pharmacology of the novel phosphodiesterase type 4 inhibitor,
CP-80633. J.Pharmacol.Exp.Ther. 278, 1356-1361. 1996

Columbo, M., Botana, L. M., Horowitz, E. M., Lichtenstein, L. M., and MacGlashan, D. W,
Jr. Studies of the intracellular Ca2+ levels in human adult skin mast cells activated by
the ligand for the human c-kit receptor and anti-IgE. Biochem.Pharmacol. 47(12),
2137-2145. 1994

Columbo, M., Horowitz, E. M., McKenzie, White, Kagey, Sobotka, and Lichtenstein, L. M.
Pharmacologic control of histamine release from human basophils induced by plate-
let-activating factor. Int.Arch.Allergy Immunol. 102(4), 383-390. 1993

Cooper, K. D., Kang, K., Chan, S. C., and Hanifin, ]. M. Phosphodiesterase inhibition by
Ro 20-1724 reduces hyper-IgE synthesis by atopic dermatitis cells in vitro. J.In-
vest.Dermatol. 84(6), 477-482. 1985

Coqueret, O., Boichot, E., and Lagente, V. Selective type IV phosphodiesterase inhibitors
prevent IL-4-induced IgE production by human peripheral blood mononuclear cells.
Clin.Exp.Allergy 27, 816-823. 1997

Coqueret, O., Dugas, B., Mencia, Huerta, ]., and Braquet, P. Regulation of IgE production
from human mononuclear cells by beta 2-adrenoceptor agonists [see comments].
Clin.Exp.Allergy 25(4), 304-311. 1995

Cortijo, J., Bou, J., Beleta, J., Cardelus, I, Llenas, J., Morcillo, E., and Gristwood, R. W. In-
vestigation into the role of phosphodiesterase IV in bronchorelaxation, including
studies with human bronchus. Br.J.Pharmacol. 108(2), 562-568. 1993

Cortijo, J., Villagrasa, V., Navarrete, C., Sanz, C., Berto, L., Michel, A., Bonnet, P. A., and
Morcillo, E. J. Effects of SCA40 on human isolated bronchus and human polymor-
phonuclear leukocytes: comparison with rolipram, SKF94120 and levcromakalim.
Br.J.Pharmacol. 119(1), 99-106. 1996

Crocker, 1. C., Ohia, S. E., Church, M. K., and Townley, R. G. Phosphodiesterase type 4
inhibitors, but not glucocorticoids, are more potent in suppression of cytokine secre-
tion by mononuclear cells from atopic than nonatopic donors. J.Allergy Clin.Immu-
nol. 102, 797-804. 1998

Crocker, I. C., Townley, R. G., and Khan, M. M. Phosphodiesterase inhibitors suppress
proliferation of peripheral blood mononuclear cells and interleukin-4 and -5 secre-
tion by human T-helper type 2 cells. Immunopharmacology 31, 223-235. 1996

de Boer, J., Philpott, A. J., van Amsterdam, R. G., Shahid, M., Zaagsma, J., and Nicholson,
C. D. Human bronchial cyclic nucleotide phosphodiesterase isoenzymes: biochemical
and pharmacological analysis using selective inhibitors. Br.J.Pharmacol. 106(4),
1028-1034. 1992

Deisher, T. A., Garcia, I, and Harlan, J. M. Cytokine-induced adhesion molecule expres-
sion on human umbilical vein endothelial cells is not regulated by cyclic adenosine
monophosphate accumulation. Life Sci. 53(4), 365-370. 1993

Dent, G., Giembycz, M. A., Evans, P. M., Rabe, K. E, and Barnes, P. ]. Suppression of hu-
man eosinophil respiratory burst and cyclic AMP hydrolysis by inhibitors of type IV
phosphodiesterase: interaction with the beta adrenoceptor agonist albuterol. ].Phar-
macol.Exp.Ther. 271(3), 1167-1174. 1994

Dent, G., Giembycz, M. A., Rabe, K. E, and Barnes, P. J. Inhibition of eosinophil cyclic
nucleotide PDE activity and opsonised zymosan-stimulated respiratory burst by
‘type IV>- selective PDE inhibitors. Br.J.Pharmacol. 103(2), 1339-1346. 1991

Dent, G., White, S. R., Tenor, H., Bodtke, K., Schudt, C., Leff, A. R., Magnussen, H., and
Rabe, K. E. Cyclic nucleotide phosphodiesterases in human bronchial epithelial cells:
characterization of isoenzymes and functional effects of PDE inhibitors. Pulm.Phar-
macol. Ther. 11, 47-56. 1998



206 N. A. Jones et al.

Derian, C. K., Santulli, R. J., Rao, P. E., Solomon, H. F, and Barrett, J. A. Inhibition of
chemotactic peptide-induced neutrophil adhesion to vascular endothelium by cAMP
modulators. J.Immunol. 154(1), 308-317. 1995

DiSanto, M. E., Glaser, K. B., and Heaslip, R. ]. Phospholipid regulation of a cyclic AMP-
specific phosphodiesterase (PDE4) from U937 cells. Cell Signal. 7(8), 827-835. 1995

Dowling, R. B., Johnson, M., Cole, P. ]., and Wilson, R. The effect of rolipram, a type IV
phosphodiesterase inhibitor, on Pseudomonas aeruginosa infection of respiratory
mucosa. Journal of Pharmacology & Experimental Therapeutics 282(3), 1565-1571.
1997

Duplantier, A. J., Biggers, M. S., Chambers, R. J., Cheng, ]. B., Cooper, K., Damon, D. B,
Eggler, J. E, Kraus, K. G., Marfat, A., Masamune, H., Pillar, J. S., Shirley, J. T., Umland,
J. P, and Watson, J. W. Biarylcarboxylic acids and amides: inhibition of phosphodies-
terase type IV versus [3H]rolipram binding activity and their relationship to emesis
in the ferret. J.Med.Chem. 39, 120-125. 1996

Eigler, A., Siegmund, B., Emmerich, U, Baumann, K. H., Hartmann, G., and Endres, S.
Anti-inflammatory activities of cAMP-elevating agents: enhancement of IL-10 syn-
thesis and concurrent suppression of TNF production. J.Leukoc.Biol. 63(1), 101-107.
1998

Engels, P., Fichtel, K., and Lubbert, H. Expression and regulation of human and rat phos-
phodiesterase type IV isogenes. FEBS Lett. 350(2-3), 291-295. 1994

Essayan, D. M., Huang, S. K., Kagey, Sobotka, and Lichtenstein, L. M. Effects of nonselec-
tive and isozyme selective cyclic nucleotide phosphodiesterase inhibitors on antigen-
induced cytokine gene expression in peripheral blood mononuclear cells. Am.J.Re-
spir.Cell Mol.Biol. 13(6), 692-702. 1995

Essayan, D. M., Huang, S. K., Undem, B. J., Kagey, Sobotka, and Lichtenstein, L. M. Mod-
ulation of antigen- and mitogen-induced proliferative responses of peripheral blood
mononuclear cells by nonselective and isozyme selective cyclic nucleotide phospho-
diesterase inhibitors. J.Immunol. 153(8), 3408-3416. 1994

Essayan, D. M., Kagey-Sobotka, A., Lichtenstein, L. M., and Huang, S.-K. Differential reg-
ulation of human antigen-specific Thl and Th2 lymphocyte responses by isozyme
selective cyclic nucleotide phosphodiesterase inhibitors. Journal of Pharmacology &
Experimental Therapeutics 282(1), 505-512. 1997

Ezeamuzie, C. I. Requirement of additional adenylate cyclase activation for the inhibition
of human eosinophil degranulation by phosphodiesterase IV inhibitors. Eur.]J.Phar-
macol. 417(1-2), 11-18. 6-4-2001

Ferretti, M. E., Spisani, S., Pareschi, M. C., Buzzi, M., Cavallaro, R., Traniello, S., Reali, E.,
Torrini, I, Paradisi, M. P., and Zecchini, G. P. Two new formylated peptides able to
activate chemotaxis and respiratory burst selectively as tools for studying human
neutrophil responses. Cell Signal. 6(1), 91-101. 1994

Foster, R. W., Rakshi, K., Carpenter, J. R., and Small, R. C. Trials of the bronchodilator
activity of the isoenzyme-selective phosphodiesterase inhibitor AH 21-132 in healthy
volunteers during a methacholine challenge test. Br.].Clin.Pharmacol. 34(6), 527-534.
1992

Frossard, N., Landry, Y., Pauli, G., and Ruckstuhl, M. Effects of cyclic AMP- and cyclic
GMP- phosphodiesterase inhibitors on immunological release of histamine and on
lung contraction. Br.J.Pharmacol. 73(4), 933-938. 1981

Fuhrmann, M, Jahn, H.-U, Seybold, J., Neurohr, C., Barnes, P. ]., Hippenstiel, S.,
Kraemer, H. J., and Suttorp, N. Identification and function of cyclic nucleotide phos-
phodiesterase isoenzymes in airway epithelial cells. Am.]J.Respir.Cell Mol.Biol. 20,
292-302. 1999

Fujii, K., Kohrogi, H., Iwagoe, H., Hamamoto, ., Hirata, N., Goto, E., Kawano, O., Wada,
K., Yamagata, S., and Ando, M. Novel phosphodiesterase 4 inhibitor T-440 reverses
and prevents human bronchial contraction induced by allergen. Journal of Pharma-
cology & Experimental Therapeutics 284(1), 162-169. 1998



Selective Phosphodiesterase Inhibitors in the Treatment of Respiratory Disease 207

Fujimura, M., Kamio, Y., Saito, M., Hashimoto, T., and Matsuda, T. Bronchodilator and
bronchoprotective effects of cilostazol in humans in vivo. American Journal of Respi-
ratory and Critical Care Medicine 151, 222-225. 1995

Fuller, R. W. Control of mediator release from the human alveolar macrophage: Role of
cyclic AMP. European Journal of Pharmacology 183(2), 621. 1990

Fuller, R. W., O’Malley, G., Baker, A. J., and MacDermot, ]. Human alveolar macrophage
activation: inhibition by forskolin but not beta-adrenoceptor stimulation or phos-
phodiesterase inhibition. Pulm.Pharmacol. 1(2), 101-106. 1988

Gantner, F, Gotz, C., Gekeler, V., Schudt, C., Wendel, A., and Hatzelmann, A. Phosphodi-
esterase profile of human B lymphocytes from normal and atopic donors and the ef-
fects of PDE inhibition on B cell proliferation. Br.J.Pharmacol. 123, 1031-1038. 1998

Gantner, E, Kupferschmidt, R., Schudt, C., Wendel, A., and Hatzelmann, A. In vitro dif-
ferentiation of human monocytes to macrophages: Change of PDE profile and its re-
lationship to suppression of tumour necrosis factor-alpha release by PDE inhibitors.
British Journal of Pharmacology 121(2), 221-231. 1997a

Gantner, E, Tenor, H., Gekeler, V., Schudt, C., Wendel, A., and Hatzelmann, A. Phospho-
diesterase profiles of highly purified human peripheral blood leukocyte populations
from normal and atopic individuals: a comparative study. J.Allergy Clin.Immunol.
100(4), 527-535. 1997b

Giembycz, M. A. Phosphodiesterase 4 and tolerance to B,-adrenoceptor agonists in asth-
ma. Trends Pharmacol.Sci. 17, 331-336. 1996

Giembycz, M. A., Corrigan, C. J., Seybold, J., Newton, R., and Barnes, P. J. Identification
of cyclic AMP phosphodiesterases 3,4 and 7 in human CD4" and CD8* T-lympho-
cytes: role in regulating proliferation and the biosynthesis of interleukin-2. Br.J.Phar-
macol. 118, 1945-1958. 1996

Giustina, T. A., Chan, S. C., Thiel, M. L., Baker, ]. W., and Hanifin, J. M. Increased leuko-
cyte sensitivity to phosphodiesterase inhibitors in atopic dermatitis: tachyphylaxis
after theophylline therapy. J.Allergy Clin.Immunol. 74(3 Pt 1), 252-257. 1984

Gleich, G. J. Mechanisms of eosinophil-associated inflammation. J.Allergy Clin.Immunol.
105, 651-663. 2000

Greten, T. E, Sinha, B., Haslberger, C., Eigler, A., and Endres, S. Cicaprost and the type
IV phosphodiesterase inhibitor, rolipram, synergize in suppression of tumor necro-
sis factor-alpha synthesis. Eur.J.Pharmacol. 299, 229-233. 1996

Grewe, S. R, Chan, S. C., and Hanifin, J. M. Elevated leukocyte cyclic AMP-phosphodies-
terase in atopic disease: a possible mechanism for cyclic AMP-agonist hyporespon-
siveness. J.Allergy Clin.Immunol. 70(6), 452-457. 1982

Griswold, D. E., Webb, E. E, Breton, J., White, J. R., Marshall, P. ], and Torphy, T. J. Effect
of selective phosphodiesterase type IV inhibitor, rolipram, on fluid and cellular phas-
es of inflammatory response. Inflammation 17(3), 333-344. 1993

Hadjokas, N. E., Crowley, J. ], Bayer, C. R., and Nielson, C. P. beta-Adrenergic regulation
of the eosinophil respiratory burst as detected by lucigenin-dependent luminescence.
J.Allergy Clin.Immunol. 95, 735-741. 1995

Hallsworth, M. P., Giembycz, M. A,, Barnes, P. ], and Lee, T. H. Cyclic AMP-elevating
agents prolong or inhibit eosinophil survival depending on prior exposure to GM-
CSE. British Journal of Pharmacology 117, 79-86. 1996

Hanifin, J. M. and Chan, S. C. Monocyte phosphodiesterase abnormalities and dysregula-
tion of lymphocyte function in atopic dermatitis. J.Invest.Dermatol. 105, 84S-
88S. 1995

Hanifin, J. M., Chan, S. C., Cheng, J. B, Tofte, S. J., Henderson, W. R,, Jr., Kirby, D. S., and
Weiner, E. S. Type 4 phosphodiesterase inhibitors have clinical and in vitro anti-in-
flammatory effects in atopic dermatitis. J.Invest.Dermatol. 107, 51-56. 1996

Hansen, G., Jin, S., Umetsu, D. T., and Conti, M. Absence of muscarinic cholinergic air-
way responses in mice deficient in the cyclic nucleotide phosphodiesterase PDE4D.
Proc Natl Acad Sci U S A 97(12), 6751-6756. 6-6-2000



208 N. A. Jones et al.

Harbinson, P. L., MacLeod, D., Hawksworth, R., O’Toole, S., Sullivan, P. J., Heath, P.,
Kilfeather, S., Page, C. P, Costello, J., Holgate, S. T., and Lee, T. H. The effect of a nov-
el orally active selective PDE4 isoenzyme inhibitor (CDP840) on allergen-induced re-
sponses in asthmatic subjects. Eur.Respir.]. 10(5), 1008-1014. 1997

Harris, A. L., Connell, M. J., Ferguson, E. W., Wallace, A. M., Gordon, R. J., Pagani, E. D,,
and Silver, P. J. Role of low Ky, cyclic AMP phosphodiesterase inhibition in tracheal
relaxation and bronchodilation in the guinea pig. ].Pharmacol.Exp.Ther. 251(1), 199-
206. 1989

Hatzelmann, A., Tenor, H., and Schudt, C. Differential effects of non-selective and selec-
tive phosphodiesterase inhibitors on human eosinophil functions. Br.J.Pharmacol.
114(4), 821-831. 1995

Hersperger, R., Bray-French, K., Mazzoni, L., and Muller, T. Palladium-catalyzed cross-
coupling reactions for the synthesis of 6, 8-disubstituted 1,7-naphthyridines: a novel
class of potent and selective phosphodiesterase type 4D inhibitors. J.Med.Chem.
43(4), 675-682. 24-2-2000

Hichami, A., Boichot, E., Germain, N., Coqueret, O., and Lagente, V. Interactions between
cAMP- and cGMP-dependent protein kinase inhibitors and phosphodiesterase IV in-
hibitors on arachidonate release from human monocytes. Life Sci. 59(16), L255-L261.
1996

Hichami, A., Boichot, E., Germain, N., Legrand, A., Moodley, I, and Lagente, V. Involve-
ment of cyclic AMP in the effects of phosphodiesterase IV inhibitors on arachidonate
release from mononuclear cells. Eur.J.Pharmacol. 291(2), 91-97. 1995

Hilkens, C. M., Vermeulen, H., van Neerven, R. J., Snijdewint, E G., Wierenga, E. A., and
Kapsenberg, M. L. Differential modulation of T helper type 1 (Thl) and T helper
type 2 (Th2) cytokine secretion by prostaglandin E2 critically depends on interleu-
kin-2. Eur.J.Immunol. 25(1), 59-63. 1995

Hoffman, R, Baillie, G. S., MacKenzie, S. J., Yarwood, S. J., and Houslay, M. D. The MAP
kinase ERK2 inhibits the cyclic AMP-specific phosphodiesterase HSPDE3D3 by
phosphorylating it at Ser579. EMBO J. 18, 893-903. 1999

Houslay, M. D,, Sullivan, M., and Bolger, G. B. The multienzyme PDE4 cyclic adenosine
monophosphate-specific phosphodiesterase family: Intracellular targeting, regula-
tion, and selective inhibition by compounds exerting anti-inflammatory and antide-
pressant actions. August, J. T., Anders, M. W., Murad, F, and Coyle, J. T. Advances in
Pharmacology. 225-342. 1998. London, Academic Press

Huang, R., Cioffi, J., Berg, K., London, R., Cidon, M., Maayani, S., and Mayer, L. B cell
differentiation factor-induced B cell maturation: regulation via reduction in cAMP.
Cell Immunol. 162(1), 49-55. 1995

Hughes, B., Howat, D, Lisle, H., Holbrook, M., Tames, T., Gozzard, N., Blease, K., Hughes,
P, Kingaby, R., Warrellow, G., Alexander, R., Head, J., Boyd, E., Eaton, M., Perry,
M., Wales, M., Smith, B., Owens, R., Catterall, C., Lumb, S., Russell, A., Allen, R.,
Merriman, M., Bloxham, D., and Higgs, G. The inhibition of antigen-induced eosino-
philia and bronchoconstriction by CDP840, a novel stereo-selective inhibitor of
phosphodiesterase type 4. Br.J.Pharmacol. 118, 1183-1191. 1996

Ichimura, M. and Kase, H. A new cyclic nucleotide phosphodiesterase isozyme expressed
in the T-lymphocyte cell lines. Biochem.Biophys.Res.Commun. 193(3), 985-990. 1993

Jacobitz, S., McLaughlin, M. M., Livi, G. P, Burman, M., and Torphy, T. J. Mapping the
functional domains of human recombinant phosphodiesterase 4A: structural re-
quirements for catalytic activity and rolipram binding. Mol.Pharmacol. 50, 891-899.
1996

Jeffery, P. K. Structural and inflammatory changes in COPD: a comparison with asthma.
Thorax 53, 129-136. 1998

Jin, S. L., Richard, F. J., Kuo, W. P., D’Ercole, A. J., and Conti, M. Impaired growth and
fertility of cAMP-specific phosphodiesterase PDE4D-deficient mice. Proc Natl Acad
Sci U S A 96(21), 11998-12003. 12-10-1999



Selective Phosphodiesterase Inhibitors in the Treatment of Respiratory Disease 209

Jonker, G. ], Tijhuis, G. J., and de Monchey, J. G. R. RP 73401 (a phosphodiesterase IV
inhibitor) single does not prevent allergen induced bronchoconstriction during the
early phase reaction in asthmatics. Eur.Respir.]. 9, 82 s. 1996

Kammer, G. M. The adenylate cyclase-cAMP-protein kinase A pathway and regulation of
the immune response. Immunol.Today 9(7-8), 222-229. 1988

Kanda, N. and Watanabe, S. Gangliosides GD1b, GT1b, and GQ1b enhance IL-2 and IFN-
gamma production and suppress IL-4 and IL-5 production in phytohemagglutinin-
stimulated human T cells. J.Immunol. 166(1), 72-80. 1-1-2001

Kaneko, T., Alvarez, R., Ueki, I. E, and Nadel, J. A. Elevated intracellular cyclic AMP in-
hibits chemotaxis in human eosinophils. Cell Signal. 7(5), 527-534. 1995

Kawasaki, A., Hoshino, K., Osaki, R., Mizushima, Y., and Yano, S. Effect of ibudilast: a
novel antiasthmatic agent, on airway hypersensitivity in bronchial asthma. J.Asthma
29(4), 245-252. 1992

Kelley, T. J., al Nakkash, L., and Drumm, M. L. CFTR-mediated chloride permeability is
regulated by type III phosphodiesterases in airway epithelial cells. Am.].Respir.Cell
Mol.Biol. 13(6), 657-664. 1995

Kelly, J. R., Barnes, P. J., and Giembycz, M. A. Phosphodiesterase 4 in macrophages: rela-
tionship between cAMP accumulation, suppression of cAMP hydrolysis and inhibi-
tion of [*H]R-(-)-rolipram binding by selective inhibitors. Biochem.]. 318, 425-436.
1996

Kemeny, D. M., Vyas, B., Vukmanovi-Stejic, M., Thomas, M. J., Nobel, A., Loh, L.-C., and
O’Connor, B. J. CD8+ T cell subsets and chronic obstructive pulmonary disease.
American Journal of Respiratory and Critical Care Medicine 160, $33-S37. 1999

Kleine, Tebbe, Wicht, L., Gagne, H., Friese, A., Schunack, W., Schudt, C., and Kunkel, G.
Inhibition of IgE-mediated histamine release from human peripheral leukocytes by
selective phosphodiesterase inhibitors. Agents Actions 36(3-4), 200-206. 1992

Knudsen, J. H., Kjaersgaard, E., and Christensen, N. J. Individual lymphocyte subset
composition determines cAMP response to isoproterenol in mononuclear cell prepa-
rations from peripheral blood. Scand.].Clin.Lab.Invest. 55, 9-14. 1995

Koeter, G. H., Meurs, H., Kauffman, H. E, and de Vries, K. The role of the adrenergic
system in allergy and bronchial hyperreactivity. Eur.]J.Respir.Dis.Suppl. 121, 72-78.
1982

Komas, N., Lugnier, C., Andriantsitohaina, R., and Stoclet, J. C. Characterisation of cyclic
nucleotide phosphodiesterases from rat mesenteric artery. Eur.J.Pharmacol. 208(1),
85-87. 1991

Kung, T. T., Crawley, Y., Luo, B., Young, S., Kreutner, W., and Chapman, R. W. Inhibition
of pulmonary eosinophilia and airway hyperresponsiveness in allergic mice by roli-
pram: involvement of endogenously released corticosterone and catecholamines.
Br.J.Pharmacol. 130, 457-463. 2000

Laliberte, F, Han, Y., Govindaragan, A., Giroux, A., Liu, S., Bobechko, B., Lario, P,
Bartlett, A., Gorseth, E., Gresser, M., and Huang, Z. Conformational difference be-
tween PDE4 apoenzyme and haloenzyme. Biochemistry 39, 6449-6458. 2000

Landells, L. J., Jensen, M. W,, Spina, D., Donigi-Gale, D., Miller, A. ], Nichols, T., Smith,
K., Rotshteyn, Y., Burch, R. M., Page, C., and O’Connor, B. J. Oral administration of
the phosphodiesterase (PDE)4 inhibitor, V11294A inhibits ex-vivo agonist-induced
cell activation. Eur Respir J 12(Suppl 28). 2001a

Landells, L. J., Spina, D., Souness, J. E., O’Connor, B. J., and Page, C. P. A biochemical and
functional assessment of monocyte phosphodiesterase activity in healthy and asth-
matic subjects. Pulm.Pharmacol.Ther. 13(5), 231-239. 2000

Landells, L. J., Szilagy, C. M., Jones, N. A., Banner, K. H,, Allen, J. M., Doherty, A,
O’Connor, B. J., Spina, D., and Page, C. P. Identification and quantification of phos-
phodiesterase 4 subtypes in CD4 and CD8 lymphocytes from healthy and asthmatic
subjects. Br.J Pharmacol. 133(5), 722-729. 2001b



210 N. A. Jones et al.

Lee, H. ], Koyano, Nakagawa, Naito, Y., Nishida, J., Arai, N., Arai, K., and Yokota, T.
cAMP activates the IL-5 promoter synergistically with phorbol ester through the sig-
naling pathway involving protein kinase A in mouse thymoma line EL-4. J.Immunol.
151(11), 6135-6142. 1993

Lenhard, J. M., Kassel, D. B., Rocque, W. J., Hamacher, L., Holmes, W. D., Patel, I,
Hoffman, C., and Luther, M. Phosphorylation of a cAMP-specific phosphodiesterase
(HSPDE4B2B) by mitogen-activated protein kinase. Biochem.]. 319, 751-758. 1996

Lewis, G. M., Caccese, R. G., Heaslip, R. J., and Bansbach, C. C. Effects of rolipram and
CI-930 on IL-2 mRNA transcription in human Jurkat cells. Agents Actions 39 Spec
No, C89-C92. 1993

Li, L., Yee, C., and Beavo, J. A. CD3- and CD28-dependent induction of PDE7 required for
T cell activation. Science 283(5403), 848-849. 1999

Li, S. H., Chan, S. C., Kramer, S. M., and Hanifin, J. M. Modulation of leukocyte cyclic
AMP phosphodiesterase activity by recombinant interferon-gamma: evidence for a
differential effect on atopic monocytes. J.Interferon.Res. 13(3), 197-202. 1993

Li, 8. H., Chan, S. C., Toshitani, A., Leung, D. Y., and Hanifin, J. M. Synergistic effects of
interleukin 4 and interferon-gamma on monocyte phosphodiesterase activity. J.In-
vest.Dermatol. 99(1), 65-70. 1992

Lidington, E., Nohammer, C., Dominguez, M., Ferry, B., and Rose, M. L. Inhibition of the
transendothelial migration of human lymphocytes but not monocytes by phosphodi-
esterase inhibitors. Clinical and Experimental Immunology 104, 66-71. 1996

Lindgren, S. and Andersson, K. E. Effects of selective phosphodiesterase inhibitors on
isolated coronary, lung and renal arteries from man and rat. Acta Physiol Scand.
142(1), 77-82. 1991

Lindgren, S., Andersson, K. E., Belfrage, P., Degerman, E., and Manganiello, V. C. Relax-
ant effects of the selective phosphodiesterase inhibitors milrinone and OPC 3911 on
isolated human mesenteric vessels. Pharmacol.Toxicol. 64(5), 440-445. 1989

Loughney, K., Hill, T. R., Florio, V. A., Uher, L., Rosman, G. J., Wolda, S. L., Jones, B. A.,
Howard, M. L., McAllister-Lucas, L. M., Sonnenburg, W. K., Francis, S. H., Corbin, J.
D., Beavo, J. A., and Ferguson, K. Isolation and characterization of cDNAs encoding
PDES5A, a human cGMP- binding, cGMP-specific 3°,5’-cyclic nucleotide phosphodies-
terase. Gene 216(1), 139-147. 17-8-1998

Lugnier, C. and Komas, N. Modulation of vascular cyclic nucleotide phosphodiesterases
by cyclic GMP: role in vasodilatation. Eur.Heart J. 14 Suppl I, 141-148. 1993

Lugnier, C. and Schini, V. B. Characterization of cyclic nucleotide phosphodiesterases
from cultured bovine aortic endothelial cells. Biochem.Pharmacol. 39(1), 75-84. 1990

Lugnier, C., Schoeffter, P.,, Le Bec, A., Strouthou, E., and Stoclet, ]J. C. Selective inhibition
of cyclic nucleotide phosphodiesterases of human, bovine and rat aorta.
Biochem.Pharmacol. 35(10), 1743-1751. 1986

MacKenzie, S. ], Baillie, G. S., McPhee, 1., Bolger, G. B., and Houslay, M. D. ERK2 mito-
gen-activated protein kinase binding, phosphorylation, and regulation of the PDE4D
cAMP-specific phosphodiesterases. J.Biol.Chem. 275, 16609~16617. 2000

Manning, C. D., Burman, M., Christensen, S. B., Cieslinski, L. B., Essayan, D. M., Grous,
M., Torphy, T. J., and Barnette, M. S. Suppression of human inflammatory cell func-
tion by subtype- selective PDE4 inhibitors correlates with inhibition of PDE4A and
PDE4B. British Journal of Pharmacology 128(7), 1393-1398. 1999

Manning, C. D., McLaughlin, M. M., Livi, G. P., Cieslinski, L. B., Torphy, T. J., and
Barnette, M. S. Prolonged beta adrenoceptor stimulation up-regulates cAMP phos-
phodiesterase activity in human monocytes by increasing mRNA and protein for
phosphodiesterases 4A and 4B. J.Pharmacol.Exp.Ther. 276(2), 810-818. 1996

Marcoz, P, Prigent, A. E, Lagarde, M., and Nemoz, G. Modulation of rat thymocyte pro-
liferative response through the inhibition of different cyclic nucleotide phosphodies-
terase isoforms by means of selective inhibitors and cGMP-elevating agents.
Mol.Pharmacol. 44(5), 1027-1035. 1993



Selective Phosphodiesterase Inhibitors in the Treatment of Respiratory Disease n

Marukawa, S., Hatake, K., Wakabayashi, I, and Hishida, S. Vasorelaxant effects of oxpen-
tifylline and theophylline on rat isolated aorta. J.Pharm.Pharmacol. 46(5), 342-345.
1994

McLaughlin, M. M., Cieslinski, L. B., Burman, M., Torphy, T. J., and Livi, G. P. A low
K(M), rolipram-sensitive, cAMP-specific phosphodiesterase from human brain.
Cloning and expression of cDNA, biochemical characterization of recombinant pro-
tein, and tissue distribution of messenger-RNA. ].Biol.Chem. 268(9), 6470-6476. 1993

Mentz, E, Merle, Beral, Ouaaz, E, and Binet, J. L. Theophylline, a new inducer of apopto-
sis in B-CLL: role of cyclic nucleotides. Br.].Haematol. 90(4), 957-959. 1995

Meurs, H., Koeter, G. H., de Vries, K., and Kauffman, H. F. The beta-adrenergic system
and allergic bronchial asthma: changes in lymphocyte beta-adrenergic receptor
number and adenylate cyclase activity after an allergen-induced asthmatic attack.
J.Allergy Clin.Immunol. 70(4), 272-280. 1982

Mikawa, K., Akamatsu, H., Nishina, K., Shiga, M., Maekawa, N., Obara, H., and Niwa, Y.
The effect of phosphodiesterase III inhibitors on human neutrophil function. Crit
Care Med. 28(4), 1001-1005. 2000

Miyahara, M., Ito, M., Itoh, H., Shiraishi, T., Isaka, N., Konishi, T., and Nakano, T. Isoen-
zymes of cyclic nucleotide phosphodiesterase in the human aorta: characterization
and the effects of E4021. Eur.]J.Pharmacol. 284(1-2), 25-33. 1995

Miyamoto, K., Kurita, M., Sakai, R., Sanae, F.,, Wakusawa, S., and Takagi, K. Cyclic nucle-
otide phosphodiesterase isoenzymes in guinea-pig tracheal muscle and bronchore-
laxation by alkylxanthines. Biochem.Pharmacol. 48(6), 1219-1223. 1994

Molnar, Kimber, Yonno, L., Heaslip, R., and Weichman, B. Modulation of TNF alpha and
IL-1 beta from endotoxin-stimulated monocytes by selective PDE isozyme inhibitors.
Agents Actions 39 Spec No, C77-C79. 1993

Momose, T., Okubo, Y., Horie, S., Suzuki, J., Isobe, M., and Sekiguchi, M. Effects of intra-
cellular cyclic AMP modulators on human eosinophil survival, degranulation and
CD11b expression. International Archives of Allergy & Immunology 117(2), 138-145.
1998

Moodley, 1, Sotsios, Y., and Bertin, B. Modulation of oxazolone-induced hypersensitivity
in mice by selective PDE inhibitors. Mediators of Inflammation 4, 112-116. 1995

Morandini, R., Ghanem, G., Portier-Lemarie, A., Robaye, B., Renaud, A., and Boeynaems,
J. M. Action of cAMP on expression and release of adhesion molecules in human en-
dothelial cells. Am.].Physiol. 270, H807-H816. 1996

Muller, T., Engels, P., and Fozard, J. R. Subtypes of the type 4 cAMP phosphodiesterases:
structure, regulation and selective inhibition. Trends Pharmacol.Sci. 17, 294-298.
1996

Munoz, E., Zubiaga, A. M., Merrow, M., Sauter, N. P., and Huber, B. T. Cholera toxin dis-
criminates between T helper 1 and 2 cells in T cell receptor-mediated activation: role
of cAMP in T cell proliferation. J.Exp.Med. 172(1), 95-103. 1990

Nagai, H., Takeda, H., Iwama, T., Yamaguchi, S., and Mori, H. Studies on anti-allergic ac-
tion of AH 21-132, a novel isozyme- selective phosphodiesterase inhibitor in air-
ways. Jap.J.Pharmacol. 67, 149-156. 1995

Nell, H., Louw, C., Leichtl, S., Rathgeb, E,, Neuhauser, M., and Bardin, P. G. Acute anti-in-
flammatory effect of the novel phosphodiesterase 4 inhibitor roflumilast on allergen
challenge in asthmatics after a single dose. American Journal of Respiratory and
Critical Care Medicine 161, A200. 2000

Nemoz, G., Moueqgit, M., Prigent, A. E,, and Pacheco, H. Isolation of similar rolipram-in-
hibitable cyclic-AMP-specific phosphodiesterases from rat-brain and heart. Eur.-
J.Biochem. 184(3), 511-520. 1989

Nicholson, C. D., Shahid, M., Bruin, ]., Barron, E., Spiers, 1, de Boer, J., van Amsterdam,
R. G., Zaagsma, J., Kelly, J. J., and Dent, G. Characterization of ORG 20241, a com-
bined phosphodiesterase IV/III cyclic nucleotide phosphodiesterase inhibitor for
asthma. J.Pharmacol.Exp.Ther. 274(2), 678-687. 1995



212 N. A. Jones et al.

Nielson, C. P, Vestal, R. E., Sturm, R. J., and Heaslip, R. Effects of selective phosphodies-
terase inhibitors on the polymorphonuclear leukocyte respiratory burst. J.Allergy
Clin.Immunol. 86(5), 801-808. 1990

Nieman, R. B., Fisher, B. D., Amit, O., and Dockhorn, R. J. SB 207499 (Ariflow™), a sec-
ond-generation, selective oral phosphodiesterase type 4 (PDE4) inhibitor, attenuates
exercise induced bronchoconstriction in patients with asthma. American Journal of
Respiratory and Critical Care Medicine 157, A413. 1998

Niwa, M., Hara, A., Kanamori, Y., Matsuno, H., Kozawa, O., Yoshimi, N., Mori, H., and
Uematsu, T. Inhibition of tumor necrosis factor-alpha induced neutrophil apoptosis
by cyclic AMP: involvement of caspase cascade. Eur.J.Pharmacol. 371(1), 59-67. 23-
4-1999

Novak, T. J. and Rothenberg, E. V. cAMP inhibits induction of interleukin 2 but not of
interleukin 4 in T cells. Proc.Natl.Acad.Sci.U.S.A. 87(23), 9353-9357. 1990

O’Connell, J. C., McCallum, J. E, McPhee, I, Wakefield, J., Houslay, E. S., Wishart, W.,
Bolger, G., Frame, M., and Houslay, M. D. The SH3 domain of Src tyrosyl protein ki-
nase interacts with the N-terminal splice region of the PDE4A cAMP-specific phos-
phodiesterase RPDE-6 (RNPDE4A5). Biochem.]. 318, 255-262. 1996

Obernolte, R., Bhakta, S., Alvarez, R., Bach, C., Zuppan, P, Mulkins, M., Jarnagin, K., and
Shelton, E. R. The ¢cDNA of a human lymphocyte cyclic-AMP phosphodiesterase
(PDE IV) reveals a multigene family. Gene 129(2), 239-247. 1993

Obernolte, R., Ratzliff, J., Baecker, P. A., Daniels, D. V., Zuppan, P, Jarnagin, K., and
Shelton, E. R. Multiple splice variants of phosphodiesterase PDE4C cloned from hu-
man lung and testis. Biochemica Biophysica Acta 1353, 287-297. 1997

Ottonello, L., Gonella, R., Dapino, P., Sacchetti, C., and Dallegri, E. Prostaglandin E2 in-
hibits apoptosis in human neutrophilic polymorphonuclear leukocytes: role of intra-
cellular cyclic AMP levels. Exp.Hematol. 26(9), 895-902. 1998

Ottonello, L., Morone, P., Dapino, P., and Dallegri, F. Inhibitory effect of salmeterol on the
respiratory burst of adherent human neutrophils. Clinical and Experimental Immu-
nology 106(1), 97-102. 1996

Owens, R. ], Caterall, C., Batty, D., Jappy, J., Russell, A., Smith, B., O’Connell, J., and
Perry, M. J. Human phosphodiesterase 4A: characterization of full-length and trun-
cated enzymes expressed in COS cells. Biochem.]. 326, 53-60. 1997

Palmer, D. and Maurice, D. H. Dual expression and differential regulation of phosphodi-
esterase 3A and phosphodiesterase 3B in human vascular smooth muscle: implica-
tions for phosphodiesterase 3 inhibition in human cardiovascular tissues. Mol.Phar-
macol. 58(2), 247-252. 2000

Pan, X, Arauz, E., Krzanowski, J. J., Fitzpatrick, D. E, and Polson, ]. B. Synergistic interac-
tions between selective pharmacological inhibitors of phosphodiesterase isozyme
families PDE III and PDE IV to attenuate proliferation of rat vascular smooth muscle
cells. Biochem.Pharmacol. 48(4), 827-835. 1994

Parker, C. W., Kennedy, S., and Eisen, A. Z. Leukocyte and lymphocyte cyclic AMP re-
sponses in atopic eczema. J.Invest.Dermatol. 68(5), 302-306. 1977

Paul, Eugene, Kolb, J. P, Calenda, A., Gordon, J., Kikutani, H., Kishimoto, T., Mencia,
Huerta, J., Braquet, P,, and Dugas, B. Functional interaction between beta 2-adreno-
ceptor agonists and interleukin-4 in the regulation of CD23 expression and release
and IgE production in human. Mol.Immunol. 30(2), 157-164. 1993

Paul, Eugene, Kolb, J. P,, Damais, C., Abadie, A., Mencia, Huerta, ., Braquet, P., Bousquet,
J., and Dugas, B. Beta 2-adrenoceptor agonists regulate the IL-4-induced phenotypi-
cal changes and IgE-dependent functions in normal human monocytes. J.Leukoc.-
Biol. 55(3), 313-320. 1994

Peachell, P. T., Undem, B. J., Schleimer, R. P., MacGlashan, D. W,, Jr., Lichtenstein, L. M.,
Cieslinski, L. B., and Torphy, T. J. Preliminary identification and role of phosphodies-
terase isozymes in human basophils. J.Immunol. 148(8), 2503-2510. 1992



Selective Phosphodiesterase Inhibitors in the Treatment of Respiratory Disease 213

Pene, J., Rousset, E, Briere, F.,, Chretien, I, Bonnefoy, J. Y., Spits, H., Yokota, T., Arai, N,
Arai, K., and Banchereau, J. IgE production by normal human lymphocytes is in-
duced by interleukin 4 and suppressed by interferons gamma and alpha and prostag-
landin E2. Proc.Natl.Acad.Sci.U.S.A. 85(18), 6880-6884. 1988

Pober, J. S., Slowik, M. R., De Luca, L. G, and Ritchie, A. ]. Elevated cyclic AMP inhibits
endothelial cell synthesis and expression of TNF-induced endothelial leukocyte adhe-
sion molecule- 1, and vascular cell adhesion molecule-1, but not intercellular adhe-
sion molecule-1. J.Immunol. 150(11), 5114-5123. 1993

Prabhakar, U,, Lipshutz, D., Bartus, J. O., Slivjak, M. J., Smith, E. E, Lee, J. C., and Esser,
K. M. Characterization of cAMP-dependent inhibition of LPS-induced TNF alpha
production by rolipram, a specific phosphodiesterase IV (PDE IV) inhibitor.
Int.J.Immunopharmacol. 16(10), 805-816. 1994

Prigent, A. E, Fonlupt, P, Dubois, M., Nemoz, G., Timouyasse, L., PACHECO, H., Pache-
co, Y., Biot, N, and Perrin, Fayolle M. Cyclic nucleotide phosphodiesterases and
methyltransferases in purified lymphocytes, monocytes and polymorphonuclear leu-
cocytes from healthy donors and asthmatic patients. Eur.].Clin.Invest. 20(3), 323-
329. 1990

Qian, Y., Naline, E., Karlsson, J. A., Raeburn, D., and Advenier, C. Effects of rolipram and
siguazodan on the human isolated bronchus and their interaction with isoprenaline
and sodium nitroprusside. Br.J.Pharmacol. 109(3), 774-778. 1993

Rabe, K. F, Magnussen, H., and Dent, G. Theophylline and selective PDE inhibitors as
bronchodilators and smooth muscle relaxants. Eur.Respir.]. 8(4), 637-642. 1995

Rabe, K. F, Tenor, H., Dent, G., Schudt, C,, Liebig, S., and Magnussen, H. Phosphodiester-
ase isozymes modulating inherent tone in human airways: identification and charac-
terization. Am.].Physiol. 264(5 Pt 1), L458-L464. 1993

Rabe, K. E, Tenor, H., Dent, G., Schudt, C., Nakashima, M., and Magnussen, H. Identifica-
tion of PDE isozymes in human pulmonary artery and effect of selective PDE in-
hibitors. Am.J.Physiol. 266(5 Pt 1), L536-L543. 1994

Revel, L., Colombo, S., Ferrari, F., Folco, G., Rovati, L. C., and Makovec, F. CR 2039, a new
bis-(1H-tetrazol-5-yl)phenylbenzamide derivative with potential for the topical treat-
ment of asthma. Eur.].Pharmacol. 229(1), 45-53. 1992

Robicsek, S. A., Blanchard, D. K., Djeu, J. Y., Krzanowski, J. ]., Szentivanyi, A., and Pol-
son, J. B. Multiple high-affinity cAMP-phosphodiesterases in human T- lymphocytes.
Biochem.Pharmacol. 42(4), 869-877. 1991

Rocque, W. J., Tian, G., Wiseman, J. S., Holmes, W. D., Zajac-Thompson, L, Willard, D.
H., Patel, L. R., Wisely, G. B., Clay, W. C., Kadwell, S. H., Hoffman, C. R., and Luther,
M. A. Human recombinant phosphodiesterase 4B2B binds (R)-rolipram at a single
site with two affinities. Biochemistry 36, 14250-14261. 1997

Romagnani, S. The role of lymphocytes in allergic disease. J.Allergy Clin.Immunol. 105,
399-408. 2000

Roper, R. L., Brown, D. M., and Phipps, R. P. Prostaglandin E2 promotes B lymphocyte Ig
isotype switching to IgE. J.Immunol. 154(1), 162-170. 1995

Roper, R. L., Conrad, D. H., Brown, D. M., Warner, G. L., and Phipps, R. P. Prostaglandin
E2 promotes IL-4-induced IgE and IgGl synthesis. J.Immunol. 145(8), 2644-2651.
1990

Rousseau, E., Gagnon, J., and Lugnier, C. Biochemical and pharmacological characteriza-
tion of cyclic nucleotide phosphodiesterase in airway epithelium. Mol.Cell Biochem.
140(2), 171-175. 1994

Sadhu, K., Hensley, K., Florio, V. A., and Wolda, S. L. Differential expression of the cyclic
GMP-stimulated phosphodiesterase PDE2A in human venous and capillary endothe-
lial cells. J.Histochem.Cytochem. 47(7), 895-906. 1999

Saetta, M. Airway inflammation in chronic obstructive pulmonary disease. American
Journal of Respiratory and Critical Care Medicine 160, S17-520. 1999



214 N. A. Jones et al.

Safko, M. J., Chan, S. C., Cooper, K. D., and Hanifin, J. M. Heterologous desensitization of
leukocytes: a possible mechanism of beta adrenergic blockade in atopic dermatitis.
J.Allergy Clin.Immunol. 68(3), 218-225. 1981

Santamaria, L. E, Palacios, J. M., and Beleta, J. Inhibition of eotaxin-mediated human eo-
sinophil activation and migration by the selective cyclic nucleotide phosphodiester-
ase type 4 inhibitor rolipram. Br.J.Pharmacol. 121(6), 1150-1154. 1997

Sato, K., Stelzner, T. J., O’Brien, R. F, Weil, J. V., and Welsh, C. H. Pentoxifylline lessens
the endotoxin-induced increase in albumin clearance across pulmonary artery endo-
thelial monolayers with and without neutrophils. Am.]J.Respir.Cell Mol.Biol. 4(3),
219-227. 1991

Sawai, T., Ikai, K., and Uehara, M. Cyclic adenosine monophosphate phosphodiesterase
activity in peripheral blood mononuclear leukocytes from patients with atopic der-
matitis: correlation with respiratory atopy. Br.].Dermatol. 138, 846-848. 1998

Schade, F. U. and Schudt, C. The specific type III and IV phosphodiesterase inhibitor zar-
daverine suppresses formation of tumor necrosis factor by macrophages. Eur.J.Phar-
macol. 230(1), 9-14. 1993

Schmidt, D., Watson, N., Morton, B. E., Dent, G., Magnussen, H., and Rabe, K. F. Effect of
selective and non-selective phoshodiesterase inhibitors on allergen-induced contrac-
tions in passively sensitized human airways. Eur.Resp.]. 10(Suppl 25), 314S. 1997

Schmidt, J., Hatzelmann, A., Fleissner, S., Heimann, Weitschat, Lindstaedt, R., and
Szelenyi, I. Effect of phosphodiesterase inhibition on IL-4 and IL-5 production of the
murine TH2-type T cell clone D10.G4.1. Immunopharmacology 30(3), 191-198. 1995

Schneider, H. H., Schmiechen, R., Brezinski, M., and Seidler, J. Stereospecific binding of
the antidepressant rolipram to brain protein structures. Eur.J.Pharmacol. 127(1-2),
105-115. 1986

Schudt, C., Tenor, H., and Hatzelmann, A. PDE isoenzymes as targets for anti-asthma
drugs. Eur.Respir.]. 8(7), 1179-1183. 1995

Schudt, C., Winder, S., Eltze, M., Kilian, U,, and Beume, R. Zardaverine: a cyclic AMP spe-
cific PDE III/IV inhibitor. Agents Actions Suppl. 34, 379-402. 1991a

Schudt, C., Winder, S., Forderkunz, S., Hatzelmann, A., and Ullrich, V. Influence of selec-
tive phosphodiesterase inhibitors on human neutrophil functions and levels of cAMP
and Cai. Naunyn-Schmiedeberg’s Arch.Pharmacol. 344(6), 682-690. 1991b

Seldon, P. M., Barnes, P. J., Meja, K., and Giembycz, M. A. Suppression of lipopolysaccha-
ride-induced tumor necrosis factor- alpha generation from human peripheral blood
monocytes by inhibitors of phosphodiesterase 4: interaction with stimulants of ade-
nylyl cyclase. Mol.Pharmacol. 48(4), 747-757. 1995

Sette, C. and Conti, M. Phosphorylation and activation of cAMP-specific phosphodiester-
ase by the cAMP-dependent protein kinase. ]J.Biol.Chem. 271, 16526-16534. 1996

Sette, C., Vicini, E., and Conti, M. The rat PDE3/IVd phosphodiesterase gene codes for
muliple proteins differentially activated by cAMP-dependent protein kinase. J.Biol.-
Chem. 269, 18271-18274. 1994

Shahid, M., van Amsterdam, R. G., de Boer, J., ten Berge, R. E., Nicholson, C. D., and
Zaagsma, ]. The presence of five cyclic nucleotide phosphodiesterase isoenzyme ac-
tivities in bovine tracheal smooth muscle and the functional effects of selective in-
hibitors. Br.J.Pharmacol. 104(2), 471-477. 1991

Sharma, R. K. and Wang, J. H. Purification and characterization of bovine lung calmodu-
lin- dependent cyclic nucleotide phosphodiesterase. An enzyme containing calmodu-
lin as a subunit. J.Biol.Chem. 261(30), 14160-14166. 1986

Sheth, S. B., Chaganti, K., Bastepe, M., Ajuria, ., Brennan, K., Biradavolu, R., and
Colman, R. W. Cyclic AMP phosphodiesterases in human lymphocytes. British Jour-
nal of Haematology 99(4), 784-789. 1997

Shichijo, M., Shimizu, Y., Hiramatsu, K., Inagaki, N., Tagaki, K., and Nagai, H. Cyclic
AMP-elevating agents inhibit mite-antigen-induced IL-4 and IL-13 release from baso-



Selective Phosphodiesterase Inhibitors in the Treatment of Respiratory Disease 215

phil-enriched leukocyte preparation. Int.Arch.Allergy Immunol. 114(4), 348-353.
1997

Siegmund, B., Eigler, A., Moeller, ., Greten, T. F,, Hartmann, G., and Endres, S. Suppres-
sion of tumor necrosis factor-alpha production by interleukin-10 is enhanced by
cAMP-elevating agents. Eur.J.Pharmacol. 321(2), 231-239. 26-2-1997

Silver, P. J., Hamel, L. T., Perrone, M. H., Bentley, R. G., Bushover, C. R., and Evans, D. B.
Differential pharmacologic sensitivity of cyclic nucleotide phosphodiesterase iso-
zymes isolated from cardiac muscle, arterial and airway smooth muscle. Eur.J.Phar-
macol. 150(1-2), 85-94. 1988

Sinha, B., Semmler, J., Eisenhut, T., Eigler, A., and Endres, S. Enhanced tumor necrosis
factor suppression and cyclic adenosine monophosphate accumulation by combina-
tion of phosphodiesterase inhibitors and prostanoids. Eur.J.Immunol. 25(1), 147-
153. 1995

Snijdewint, E G., Kalinski, P., Wierenga, E. A,, Bos, J. D., and Kapsenberg, M. L. Prostag-
landin E2 differentially modulates cytokine secretion profiles of human T helper
lymphocytes. J.Immunol. 150(12), 5321-5329. 1993

Soderling, S. H. and Beavo, J. A. Regulation of cAMP and cGMP signaling: new phospho-
diesterases and new functions. Curr.Opin.Cell Biol. 12, 174-179. 2000

Sommer, N., Loschmann, P. A., Northoff, G. H., Weller, M., Steinbrecher, A., Steinbach, J.
P, Lichtenfels, R., Meyermann, R., Riethmuller, A., and Fontana, A. The antidepres-
sant rolipram suppresses cytokine production and prevents autoimmune encephalo-
myelitis [see comments]. Nat.Med. 1(3), 244-248. 1995

Souness, J. E., Diocee, B. K., Martin, W., and Moodie, S. A. Pig aortic endothelial-cell cy-
clic nucleotide phosphodiesterases. Use of phosphodiesterase inhibitors to evaluate
their roles in regulating cyclic nucleotide levels in intact cells. Biochem.]. 266(1),
127-132. 1990

Souness, J. E., Griffin, M., Maslen, C., Ebsworth, K, Scott, L. C., Pollock, K., Palfreyman,
M. N, and Karlsson, J.-A. Evidence that cyclic AMP phosphodiesterase inhibitors
suppress TNF-alpha generation from human monocytes by interacting with a ‘low
affinity’ phosphodiesterase 4 conformer. Br.].Pharmacol. 118, 649-658. 1996a

Souness, J. E., Griffin, M., Maslen, C., Ebsworth, K., Scott, L. C., Pollock, K., Palfreyman,
M. N, and Karlsson, J. A. Evidence that cyclic AMP phosphodiesterase inhibitors
suppress TNFa generation from human monocytes by interacting with a ‘low-affini-
ty’ phosphodiesterase 4 conformer. Br.J.Pharmacol. 118, 649-658. 1996b

Souness, J. E., Houghton, C., Sardar, N., and Withnall, M. T. Evidence that cyclic AMP
phosphodiesterase inhibitors suppress interleukin-2 release from murine splenocytes
by interacting with a ‘low-affinity’ phosphodiesterase 4 conformer. British Journal of
Pharmacology 121(4), 743-750. 1997

Souness, J. E., Maslen, C., Webber, S., Foster, M., Raeburn, D., Palfreyman, M. N., Ashton,
M. J., and Karlsson, J. A. Suppression of eosinophil function by RP 73401, a potent
and selective inhibitor of cyclic AMP-specific phosphodiesterase: comparison with
rolipram. Br.J.Pharmacol. 115(1), 39-46. 1995

Souness, J. E. and Scott, L. C. Stereospecificity of rolipram actions on eosinophil cyclic
AMP- specific phosphodiesterase. Biochem.]. 291(Pt 2), 389-395. 1993

Souness, J. E., Villamil, M. E., Scott, L. C., Tomkinson, A., Giembycz, M. A., and Raeburn,
D. Possible role of cyclic AMP phosphodiesterases in the actions of ibudilast on eosi-
nophil thromboxane generation and airways smooth muscle tone. Br.J.Pharmacol.
111(4), 1081-1088. 1994

Spina, D., Harrison, S., and Page, C. P. Regulation by phosphodiesterase isoenzymes of
non-adrenergic non- cholinergic contraction in guinea-pig isolated main bronchus.
Br.J.Pharmacol. 116(4), 2334-2340. 1995

Stawiski, M. A., Rusin, L. J., Burns, T. L., Weinstein, G. D., and Voorhees, J. J. Ro 20-1724:
an agent that significantly improves psoriatic lesions in double-blind clinical trials.
J.Invest.Dermatol. 73(4), 261-263. 1979



216 N. A. Jones et al.

Stelzner, T. J., Weil, J. V., and O’Brien, R. E Role of cyclic adenosine monophosphate in
the induction of endothelial barrier properties. J.Cell Physiol. 139(1), 157-166. 1989

Stief, C. G. Phosphodiesterase inhibitors in the treatment of erectile dysfunction. Drugs
Of Today 36(2-3), 93-99. 2000

Sullivan, P., Bekir, S., Jaffar, Z., Page, C., Jeffery, P., and Costello, ]. Anti-inflammatory ef-
fects of low-dose oral theophylline in atopic asthma [published erratum appears in
Lancet 1994 Jun 11; 343(8911):1512]. Lancet 343(8904), 1006-1008. 1994

Suttorp, N., Ehreiser, P., Hippenstiel, S., Fuhrmann, M., Krull, M., Tenor, H., and Schudt,
C. Hyperpermeability of pulmonary endothelial monolayer: protective role of phos-
phodiesterase isoenzymes 3 and 4. Lung 174(3), 181-194. 1996

Suttorp, N., Weber, U., Welsch, T., and Schudt, C. Role of phosphodiesterases in the regu-
lation of endothelial permeability in vitro. J.Clin.Invest. 91(4), 1421-1428. 1993

Takahashi, M., Terwilliger, R., Lane, C., Mezes, P. S., Conti, M., and Duman, R. S. Chronic
antidepressant administration increases the expression of cAMP-specific phosphodi-
esterase 4A and 4B isoforms. J.Neurosci. 19, 610-618. 1999

Takahashi, S., Oida, K., Fujiwara, R., Maeda, H., Hayashi, S., Takai, H., Tamai, T., Nakai,
T., and Miyabo, S. Effect of cilostazol, a cyclic AMP phosphodiesterase inhibitor, on
the proliferation of rat aortic smooth muscle cells in culture. J.Cardiovasc.Pharmacol.
20(6), 900-906. 1992

Tenor, H., Hatzelmann, A., Church, M. K,, Schudt, C., and Shute, J. K. Effects of theophyl-
line and rolipram on leukotriene C4 (LTC4) synthesis and chemotaxis of human eosi-
nophils from normal and atopic subjects. Br.J.Pharmacol. 118, 1727-1735. 1996

Tenor, H., Hatzelmann, A., Kupferschmidt, R., Stanciu, L., Djukanovic, R., Schudt, C.,
Wendel, A., Church, M. K., and Shute, J. K. Cyclic nucleotide phosphodiesterase iso-
enzyme activities in human alveolar macrophages. Clin.Exp.Allergy 25(7), 625-633.
1995a

Tenor, H., Staniciu, L., Schudt, C., Hatzelmann, A., Wendel, A., Djukanovic, R., Church,
M. K,, and Shute, J. K. Cyclic nucleotide phosphodiesterases from purified human
CD4+ and CD8+ T lymphocytes. Clin.Exp.Allergy 25(7), 616-624. 1995b

Timmer, W., Leclerc, V., Birraux, G., Neuhauser, M., Hatzelmann, A., Bethke, T., and
Waurst, W. Safety and efficacy of the new PDE4 inhibitor roflumilast administered to
patients with excercise-induced asthma over 4 weeks. American Journal of Respirato-
ry and Critical Care Medicine 161, A505. 2000

Tomkinson, A., Karlsson, J. A., and Raeburn, D. Comparison of the effects of selective in-
hibitors of phosphodiesterase types III and IV in airway smooth muscle with differ-
ing beta-adrenoceptor subtypes. Br.J.Pharmacol. 108(1), 57-61. 1993

Tomlinson, P. R., Wilson, J. W., and Stewart, A. G. Salbutamol inhibits the proliferation of
human airway smooth muscle cells grown in culture: Relationship to elevated cAMP
levels. Biochem.Pharmacol. 49, 1809-1819. 1995

Torphy, T. J. Phosphodiesterase isozymes: molecular targets for novel antiasthma agents.
American Journal of Respiratory and Critical Care Medicine 157(2), 351-370. 1998

Torphy, T. J., Barnette, M. S., Hay, D. W., and Underwood, D. C. Phosphodiesterase IV in-
hibitors as therapy for eosinophil- induced lung injury in asthma. Environ.Health
Perspect. 102 Suppl 10, 79-84. 1994

Torphy, T. J., Barnette, M. S., Underwood, D. C., Griswold, D. E., Christensen, S. B.,
Murdoch, R. D., Nieman, R. B., and Compton, C. H. Ariflow™ (SB 207499), a second
generation phosphodiesterase 4 inhibitor for the treatment of asthma and COPD:
from concept to clinic. Pulm.Pharmacol.Therap. 12, 131-135. 1999

Torphy, T. J., Burman, M., Huang, L. B., and Tucker, S. S. Inhibition of the low km cyclic
AMP phosphodiesterase in intact canine trachealis by SK&F 94836: mechanical and
biochemical responses. J.Pharmacol.Exp.Ther. 246(3), 843-850. 1988

Torphy, T. J. and Cieslinski, L. B. Characterization and selective inhibition of cyclic nucle-
otide phosphodiesterase isozymes in canine tracheal smooth muscle. Mol.Pharmacol.
37(2), 206-214. 1990



Selective Phosphodiesterase Inhibitors in the Treatment of Respiratory Disease 217

Torphy, T. J. and Page, C. Phosphodiesterases: the journey toward therapeutics. Trends
Pharmacol.Sci. 21, 157-159. 2000

Torphy, T. J., Stadel, J. M., Burman, M., Cieslinski, L. B., McLaughlin, M. M., White, J. R.,
and Livi, G. P. Coexpression of human cAMP-specific phosphodiesterase activity and
high affinity rolipram binding in yeast. J.Biol.Chem. 267(3), 1798-1804. 1992

Torphy, T. J. and Undem, B. ]. Phosphodiesterase inhibitors: new opportunities for the
treatment of asthma. Thorax 46(7), 512-523. 1991

Torphy, T. J., Undem, B. J., Cieslinski, L. B., Luttmann, M. A., Reeves, M. L., and Hay, D.
W. Identification, characterization and functional role of phosphodiesterase iso-
zymes in human airway smooth muscle. J.Pharmacol.Exp.Ther. 265(3), 1213-1223.
1993

Turner, C. R., Esser, K. M., and Wheeldon, E. B. Therapeutic intervention in a rat model
of ARDS: IV. Phosphodiesterase IV inhibition. Circ.Shock 39(3), 237-245. 1993

Underwood, D. C., Bochnowicz, S., Osborn, R. R., Kotzer, C. J., Luttmann, M. A., Hay, D.
W. P, Gorycki, P. D., Christensen, S. B., and Torphy, T. ]. Antiasthmatic activity of the
second-generation phosphodiesterase 4 (PDE4) inhibitor SB 207499 (Ariflo) in the
guinea pig. J.Pharmacol.Exp.Ther. 287, 988-995. 1998

Van der Pouw Kraan TCTM, Boeije, L. C. M., Snijders, A., Smeenk, R. ]. T., Wijdenes, J.,
and Aarden, L. A. Regulation of IL-12 production by human monocytes and the in-
fluence of prostglandin E2. Annals of the New York Academy of Sciences 795(pp
147-157). 1996

van der Pouw, Kraan, Boeije, L. C., Smeenk, R. J., Wijdenes, J., and Aarden, L. A. Prostag-
landin-E2 is a potent inhibitor of human interleukin 12 production. J.Exp.Med.
181(2), 775-779. 1995

van der Pouw, Kraan, van Kooten, C., Rensink, I, and Aarden, L. Interleukin (IL)-4 pro-
duction by human T cells: differential regulation of IL-4 vs. IL-2 production.
Eur.J.Immunol. 22(5), 1237-1241. 1992

Verghese, M. W., McConnell, R. T., Strickland, A. B., Gooding, R. C., Stimpson, S. A.,
Yarnall, D. P, Taylor, J. D., and Furdon, P. J. Differential regulation of human mono-
cyte-derived TNF alpha and IL-1 beta by type IV cAMP-phosphodiesterase (cAMP-
PDE) inhibitors. J.Pharmacol.Exp.Ther. 272(3), 1313-1320. 1995

Wang, P., Wy, P, Ohleth, K. M., Egan, R,, and Billah, M. M. Phosphodiesterase 4B2 is the
predominant phosphodiesterase species and undergoes differential regulation of
gene expression in human monocytes and neutrophils. Mol.Pharmacol. 56, 170-174.
1999

Weston, M. C., Anderson, N., and Peachell, P. T. Effects of phosphodiesterase inhibitors
on human lung mast cell and basophil function. Br.J.Pharmacol. 121(2), 287-295.
1997

Weston, M. C. and Peachell, P. T. Regulation of human mast cell and basophil function by
cAMP. Gen.Pharmacol. 31(5), 715-719. 1998

Wright, C. D., Kuipers, P. J., Kobylarz-Singer, D., Devall, L. J., Klinkefus, B. A., and
Weishaar, R. E. Differential inhibition of human neutrophil functions. Role of cyclic
AMP-specific, cyclic GMP-insensitive phosphodiesterase. Biochem.Pharmacol. 40(4),
699-707. 1990

Wright, L. C,, Seybold, J., Robichaud, A., Adcock, I. M., and Barnes, P. ]. Phosphodiester-
ase expression in human epithelial cells. American Journal of Physiology—Lung Cel-
lular & Molecular Physiology 275(4 19-4), L694-L700. 1998

Xiong, Y., Westhead, E. W., and Slakey, L. L. Role of phosphodiesterase isoenzymes in
regulating intracellular cyclic AMP in adenosine-stimulated smooth muscle cells.
Biochem.]. 305(Pt 2), 627—633. 1995

Xu, R. X., Hassell, A. M., Vanderwall, D., Lambert, M. H., Holmes, W. D., Luther, M. A.,
Rocque, W. J., Milburn, M. V., Zhao, Y., Ke, H., and Nolte, R. T. Atomic structure of
PDE4: insights into phosphodiesterase mechanism a specificity. Science 288, 1822~
1825. 2000



218 N. A. Jones et al.

Yasui, K., Hu, B., Nakazawa, T., Agematsu, K., and Komiyama, A. Theophylline accelerates
human granulocyte apoptosis not via phosphodiesterase inhibition. Journal of Clini-
cal Investigation 100(7), 1677-1684. 1997

Yoshimura, T., Kurita, C., Nagao, T., Usami, E., Nakao, T., Watanabe, S., Kobayashi, J.,
Yamazaki, F, Tanaka, H., and Nagai, H. Effects of cAMP-phosphodiesterase isozyme
inhibitor on cytokine production by lipopolysaccharide-stimulated human peripher-
al blood mononuclear cells. Gen.Pharmacol. 29(4), 633-638. 1997

Yoshimura, T., Nagao, T., Nakao, T., Watanabe, S., Usami, E., Kobayashi, J., Yamazaki, F.,
Tanaka, H., Inagaki, N., and Nagai, H. Modulation of Thl- and Th2-like cytokine
production from mitogen- stimulated human peripheral blood mononuclear cells by
phosphodiesterase inhibitors. Gen.Pharmacol. 30(2), 175-180. 1998

Yu, S. M., Cheng, Z. J., and Kuo, S. C. Antiproliferative effects of A02011-1, an adenylyl
cyclase activator, in cultured vascular smooth muscle cells of rat. Br.J.Pharmacol.
114(6), 1227-1235. 1995

Zhong, W. W, Burke, P. A., Drotar, M. E., Chavali, S. R., and Forse, R. A. Effects of pros-
taglandin E2, cholera toxin and 8-bromo-cyclic AMP on lipopolysacchaside-induced
gene expression of cytokines in human macrophages. Immunology 84(3), 446-452.
1995



Cytokine Modulators

P. ]. Barnes

Department of Thoracic Medicine, National Heart and Lung Institute,
Imperial College, Dovehouse St, London, SW3 6LY, UK
e-mail: p.j.barnes @ic.ac.uk

1 Introduction . . . . . . . . . . . . e e e e
2 Strategies for Inhibiting Cytokines . . . . . .. ... ..............
3  Inhibition of Th2 Cytokines . . . . .. ... ... ... ... v,
B0 ARHIL-5 . oo
32 ANIL-d . ...
33 ADGIL-13 ...
34 ADtFIL-9 . ...
3.5 ARGIL25 . ool
4  Inhibition of Proinflammatory Cytokines . . .. ................
41 AntIL-D .ol
42 ANHTNF. ..ttt
5  Anti-inflammatory Cytokines . . . ... .. ...................
51 Interleukin-10 . . . . . . . o i i ittt e e e e e e
52 Interferons . . . . . v v v i i e e e e e e e e e e e e e e e e e e e
53 Interleukin-12 . . . . . . . . ittt e e e e e e e
54 IL-18and IL-23. . . . . v i it e e e e e e e e e
6  Chemokine Inhibitors. . . . .. .. ... ... ... ... . . .. . .. . ... .
6.1 CCR3Inhibitors . . . . . . . v i i it i it e e e it e e e e e e e
6.2 CCR2INhibitors . . . . . . . o v i it it i e e e e e et e et e e
6.3 Other CCRInhibitors . . . . . . . . . . . i it ittt e ittt a
6.4 CXCRInhibitors. . . . ... . . . i ittt ittt ettt e et e e
7  Other Approaches to Cytokine Inhibition. . . . . . ... ............
7.1 Corticosteroids. . . . . v v v it e e e e e e e e e e
7.2 ImmunomodulatoryDrugs . . . .. ... ... ..
7.3 Phosphodiesterase-4 Inhibitors. . . ... ........ ... . ... . . ..
7.4 NF-kB (IKK2) Inhibitors . . . . . v v v v i it e e e e e et e e et e e e
7.5 p38 MAP Kinase Inhibitors. . . ... ...... ... . ... ...
8 Conclusions . . ... ... ... i e e e e e e

References . . . . . . . o i i i i i e e e e e e e e e e e e e e



220 P J. Barnes

Abstract Multiple cytokines play a critical role in orchestrating and perpetuat-
ing inflammation in asthma and chronic obstructive pulmonary disease
(COPD), and several specific cytokine and chemokine inhibitors are now in de-
velopment as future therapy for these diseases. Anti-IL-5 antibody markedly re-
duces peripheral blood and airway eosinophils, but does not appear to be effec-
tive in symptomatic asthma. Inhibition of IL-4, despite promising early results
in asthma, has been discontinued. Blocking IL-13 might be more effective. In-
hibitory cytokines, such as IL-10, interferons and IL-12 are less promising, as
systemic delivery produces side effects. Inhibition of TNF-a may be useful in
severe asthma and for treating severe COPD with systemic features. Many che-
mokines are involved in the inflammatory response of asthma and COPD, and
several small molecule inhibitors of chemokine receptors are in development.
CCR3 antagonists (which block eosinophil chemotaxis) and CXCR2 antagonists
(which block neutrophil and monocyte chemotaxis) are in clinical development
for asthma and COPD, respectively. Because so many cytokines are involved in
asthma, drugs that inhibit the synthesis of multiple cytokines may prove to be
more useful; several such classes of drug are now in clinical development and
any risk of side effects with these non-specific inhibitors may be reduced by the
inhaled route.

Keywords Interleukin-5 - Interleukin-4 - Interleukin-10 - Interleukoin-12 -
Tumour necrosis factor-o - Chemokines

1
Introduction

Cytokines play a critical role in the orchestration of chronic inflammation in all
diseases, including asthma and chronic obstructive pulmonary disease (COPD).
Multiple cytokines and chemokines have been implicated in the pathophysiolo-
gy of asthma (Chung et al. 1999). There is less understanding of the inflammato-
ry mediators involved in COPD, but as the inflammatory process is markedly
different from that in asthma, it is probable that different cytokines and chemo-
kines are involved and that therapeutic strategies are likely to differ (Barnes
2000c). There is now an intensive search for more specific therapies in asthma
and for any novel therapies that may prevent the progression of airflow limita-
tion in COPD. Inhibitors of cytokines and chemokines figure prominently in
these novel therapeutic approaches (Barnes 2001a, 2002a,b) (Table 1).

2
Strategies for Inhibiting Cytokines

There are several possible approaches to inhibiting specific cytokines (Fig. 1).
These range from drugs that inhibit cytokine synthesis [glucocorticoids, cyclo-
sporin A, tacrolimus, rapamycin, mycophenolate, T helper (Th)2 selective in-
hibitors], humanised blocking antibodies to cytokines or their receptors, solu-
ble receptors to mop up secreted cytokines, small molecule receptor antagonists
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Table 1 Cytokine modulators for asthma and COPD

IKK, inhibitor of NF-xB kinase; IL, interleukin; MAP, mitogen-activated protein; NF-xB, nuclear factor-«B.

Fig. 1 Strategies for inhibiting cytokines include inhibition of cytokine synthesis, inhibition of secreted
cytokines with blocking antibodies or soluble receptors, or blocking of cytokine receptors and their sig-
nal transduction pathways

or drugs that block the signal transduction pathways activated by cytokine
receptors. On the other hand, there are cytokines that themselves suppress the
allergic inflammatory process, and these may have therapeutic potential in
asthma and COPD (Barnes 2000a).
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3
Inhibition of Th2 Cytokines

Th2 lymphocytes play a key role in orchestrating the eosinophilic inflammatory
response in asthma, suggesting that blocking the release or effects of these cy-
tokines may have therapeutic potential. This has been strongly supported by
studies in experimental animals, including mice with deletion of the specific
Th2 cytokine genes. By contrast, Th2 cells are unlikely to play any role in COPD,
and there is no evidence that Th2 cytokines are increased in the airways.

3.1
Anti-IL-5

Interleukin (IL)-5 plays an essential role in orchestrating the eosinophilic in-
flammation of asthma (Greenfeder et al. 2001) (Fig. 2). In IL-5 gene knock-out
mice the eosinophilic response to allergen and the subsequent airway hyperre-
sponsiveness (AHR) are markedly suppressed, and yet animals have a normal
survival, validating the strategy to inhibit IL-5. This has also been achieved us-
ing blocking antibodies to IL-5. Blocking antibodies to IL-5 inhibits eosinophilic
inflammation and AHR in animal models of asthma, including primates (Egan
et al. 1996). This blocking effect may last for up to 3 months after a single intra-
venous injection of antibody in primates, making treatment of chronic asthma
with such a therapy a feasible proposition. Humanised monoclonal antibodies

Fig. 2 Inhibition of interleukin-5. IL-5 is released predominantly from Th2 lymphocytes and other cells
and its only effects are on eosinophils, resulting in differentiation in the bone marrow and priming,
activation and increased survival in the airways. IL-5 may be blocked by blocking antibodies (such as
mepolizumab) or theoretically by receptor antagonists
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Mepolizumab (SB-240563) i.v. Asthmatic patients i
humanised anti-IL-5 monoclonal g/, ..,
antibody group

Fig. 3 The effect of a humanised monoclonal antibody against interleukin-5 (mepolizumab) on circu-
lating eosinophils in patients with mild asthma, demonstrating a profound and very prolonged inhibi-
tory effect. (Adapted from Leckie et al. 2000)

to IL-5 have been developed, and a single intravenous infusion of one of these
antibodies (mepolizumab) markedly reduces blood eosinophils for several
weeks and prevents eosinophil recruitment in to the airways after allergen chal-
lenge in patients with mild asthma (Leckie et al. 2000) (Fig. 3). However, this
treatment has no significant effect on the early or late response to allergen chal-
lenge or on baseline AHR, suggesting that eosinophils may not be of critical im-
portance for these responses in humans (Fig. 4). A clinical study in patients
with moderate to severe asthma who had not been controlled on inhaled corti-
costeroids therapy confirmed a profound reduction in circulating eosinophils,
but there was no significant improvement in either asthma symptoms or lung
function (Kips et al. 2000). In both of these studies it would be expected that
high doses of corticosteroids would improve these functional parameters. These
surprising results question the critical role of eosinophils in asthma and indicate
that other strategies aimed at inhibiting eosinophilic inflammation might not be
effective. More recently, a biopsy study has demonstrated that anti-IL-5 anti-
body, while profoundly reducing eosinophils in the circulation (by over 95%), is
less effective at reducing eosinophils in bronchial biopsies (by ~50%), which
may explain why this treatment is not clinically effective (Flood-Page et al.
2003). Nevertheless, this suggests that blocking IL-5 is not likely to be a useful
approach to asthma therapy.

Somewhat similar findings have previously been reported in some studies in
mice where anti-IL-5 antibodies reduced eosinophilic responses to allergen, but
not AHR, whereas AHR was reduced by anti-CD4 antibody which depletes help-
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Fig. 4 Effect of a humanised monoclonal antibody against interleukin-5 (mepolizumab) on the early
and late response to allergen (left panel) and airway hyperresponsiveness (methacholine PCy) (right
panel). (Adapted from Leckie et al. 2000)

er T cells (Hogan et al. 1998) and suggests that T cell-derived cytokines other
than IL-5 must be playing a more important role in AHR.

Non-peptidic IL-5 receptor antagonists would be an alternative strategy, and
there is a search for such compounds using molecular modelling of the IL-5 re-
ceptor a-chain and through large-scale throughput screening. One such mole-
cule, YM-90709, appears to be a relatively selective inhibitor of IL-5-receptors
(Morokata et al. 2002). However, the lack of clinical benefit of anti-IL-5 antibod-
ies has made this a less attractive approach. It is possible that eosinophils are
associated with more chronic aspects of asthma, such as airway remodelling,
and in mice a blocking anti-IL-5 antibody prevents the increased collagen depo-
sition in airways associated with repeated allergen exposure (Blyth et al. 2000).

3.2
Anti-IL-4

IL-4 is critical for the synthesis of IgE by B lymphocytes and is also involved in
eosinophil recruitment to the airways (Steinke et al. 2001). A unique function of
IL-4 is to promote differentiation of Th2 cells and it therefore acts at a proximal
and critical site in the allergic response, making IL-4 an attractive target for in-
hibition (Fig. 5).

IL-4 blocking antibodies inhibit allergen-induced AHR, goblet cell metaplasia
and pulmonary eosinophilia in a murine model (Gavett et al. 1997). Inhibition
of IL-4 may therefore be effective in inhibiting allergic diseases, and soluble hu-
manised IL-4 receptors (sIL-4r) have been tested in clinical trials. A single nebu-
lised dose of sIL-4r prevents the fall in lung function induced by withdrawal of
inhaled corticosteroids in patients with moderately severe asthma (Borish et al.
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Fig. 5 Effects of blocking interleukin-4 in asthma. IL-4 has multiple effects relevant to allergic inflam-
mation in asthma, including differentiation of Th2 cells, production of IgE from B lymphocytes, in-
creased expression for the low-affinity receptor for IgE (FC<RII) on several inflammatory cells, increased
mucus secretion and fibrosis. IL-4 may be blocked by a high-affinity soluble receptor (shulL-4R)

1999). Subsequent studies have demonstrated that weekly nebulisation of sIL-4r
improves asthma control over a 12-week period (Borish et al. 2001). Subsequent
studies in patients with milder asthma proved disappointing, however, and this
treatment has now been withdrawn. Another approach is blockade of IL-4 re-
ceptors with a mutated form of IL-4 (BAY 36-1677), which binds to and blocks
IL-4Ra and IL-13Ral, thus blocking both IL-4 and IL-13 (Shanafelt et al. 1998).
This treatment has also been withdrawn.

IL-4 and the closely related cytokine IL-13 signal through a shared surface
receptor, IL-4Ra, which activates a specific transcription factor STAT-6 (Jiang et
al. 2000). Deletion of the STAT-6 gene has a similar effect to IL-4 gene knock-
out {Foster 1999). This has led to a search for inhibitors of STAT-6, and although
peptide inhibitors that interfere with the interaction between STAT-6 and JAKs
linked to IL-4Re have been discovered, it will be difficult to deliver these intra-
cellularly. An endogenous inhibitor of STATSs, suppressor of cytokine signalling
(SOCS)-1, is a potent inhibitor of IL-4 signalling pathways and offers a new
therapeutic target (Jiang et al. 2000).

33
Anti-IL-13

There is increasing evidence that IL-13 in mice mimics many of the features of
asthma, including AHR, mucus hypersecretion and airway fibrosis, indepen-
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Fig. 6 Effects of blocking interleukin-13 in asthma. IL-13 has multiple effects relevant to allergic in-
flammation in asthma, including production of IgE from B lymphocytes, increased expression for the
low-affinity receptor for IgE (FCeRII) on several inflammatory cells, increased mucus secretion and fibro-
sis and eotaxin release from airway epithelium. In addition IL-13 induces steroid resistance. IL-13 may
be blocked by a high-affinity soluble receptor (shulL-13R2)

dently of eosinophilic inflammation (Wills-Karp et al. 2003) (Fig. 6). It potently
induces the secretion of eotaxin from airway epithelial cells and transforms air-
way epithelium into a secretory phenotype. Knocking out the IL-13, but not the
IL-4, gene in mice prevents the development of AHR after allergen, despite a
vigorous eosinophilic response (Walter et al. 2001), and the increase in AHR in-
duced by IL-13 is only seen when the expression of STAT6 is lost in airway epi-
thelial cells (Kuperman et al. 2002). IL-13 signals through the IL-4Ra, but may
also activate different intracellular pathways via activation of IL-13Ral (Jiang et
al. 2000), so that it may be an important target for the development of new ther-
apies. A second specific IL-13 receptor, IL-13Ra2 exists in soluble form and has
a high affinity for IL-13, thus acting as a decoy receptor for secreted IL-13. Solu-
ble IL-13Ra2 is effective in blocking the actions of IL-13, including IgE genera-
tion, pulmonary eosinophilia and AHR in mice (Wills-Karp et al. 1998). In the
murine model, IL-13Ra2 is more effective than IL-4-blocking antibodies, high-
lighting the potential importance of IL-13 as a mediator of allergic inflamma-
tion. Blocking IL-13 may be more important in established asthma where con-
centrations of IL-13 are much higher than those of IL-4. Humanised IL-13Ra2 is
now in clinical development as a therapeutic approach for asthma.
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Fig. 7 Effects of blocking interleukin-9 in asthma. IL-9 has several effects, including amplification of
Th2-mediated inflammatory effects on the airways. It may be inhibited by a blocking antibody

34
Anti-IL-9

IL-9 is a Th2 cytokines that may enhance Th2-driven inflammation and amplify
mast cell mediator release and IgE production (Levitt et al. 1999) (Fig. 7). IL-9
may also enhance mucus hypersecretion (Longphre et al. 1999). IL-9 and its re-
ceptors show an increased expression in asthmatic airways (Bhathena et al.
2000; Shimbara et al. 2000). A blocking antibody to IL-9 inhibits airway inflam-
mation and AHR in a murine model of asthma (Cheng et al. 2002). Strategies to
block IL-9, including blocking humanised antibodies are now in development
(Zhou et al. 2001).

3.5
Anti-IL-25

IL-25 is a newly described cytokine that stimulates the release of Th2 cytokines
IL4, IL-5 and IL-13, suggesting that it may play a role in allergic inflammation
(Hurst et al. 2002). It is released from mast cells via an IgE-dependent mecha-
nism and is therefore a possible target for inhibition in the treatment of asthma
(Ikeda et al. 2003).
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4
Inhibition of Proinflammatory Cytokines

Pro-inflammatory cytokines, particularly IL-18 and tumour necrosis factor
(TNF)-a, may amplify the inflammatory response in asthma and COPD and
may be linked to disease severity. This suggests that blocking IL-18 or TNF-a
may have beneficial effects, particularly in severe airway disease.

4.1
Anti-IL-1

IL-1 expression is increased in asthmatic airways (Sousa et al. 1996) and acti-
vates many inflammatory genes that are expressed in asthma. There are no
small molecule inhibitors of IL-1, but a naturally occurring cytokine, IL-1 recep-
tor antagonist (IL-1ra), binds to IL-1 receptors to block the effects of IL-1
(Arend et al. 1998). In experimental animals IL-1ra reduces AHR induced by al-
lergen. Human recombinant IL-1ra does not appear to be effective in the treat-
ment of asthma, however (Rosenwasser 1998). There are no published studies
on the role of IL-1 in COPD.

4.2
Anti-TNF

TNF-a is expressed in asthmatic airways and may play a key role in amplifying
asthmatic inflammation, through the activation of nuclear factor (NF)-xB, acti-
vator protein (AP)-1 and other transcription factors (Kips et al. 1993). TNF lev-
els are markedly increased in induced sputum of patients with COPD (Keatings
et al. 1996). Furthermore, there is evidence that COPD patients with weight loss
show increased release of TNF from circulating cells and that TNF may induce
apoptosis of skeletal muscle cells, resulting in the characteristic muscle wasting
and cachexia seen in some patients with severe COPD (de Godoy et al. 1996).

In rheumatoid arthritis and inflammatory bowel disease, a blocking human-
ised monoclonal antibody to TNF-a (infliximab) and soluble TNF receptors
(etanercept) have produced remarkable clinical responses, even in patients who
are relatively unresponsive to steroids (Jarvis et al. 1999; Markham et al. 2000).
Such TNF inhibitors are a logical approach to asthma therapy, particularly in
patients with severe disease, and clinical trials are now underway. They may also
be indicated in the treatment of severe COPD, particularly in patients with ca-
chexia and clinical studies are planned.

Because of the problems associated with antibody-based therapies that have
to be given by injection, there is a search for small molecule inhibitors of TNE.
TNF-a-converting enzyme (TACE) is a matrix metalloproteinase (MMP)-related
enzyme critical for the release of TNF from the cell surface. Small molecule
TACE inhibitors are in development as oral TNF inhibitors (Barlaam et al.
1999).



Cytokine Modulators 229

5
Anti-inflammatory Cytokines

Some cytokines have anti-inflammatory effects and therefore have therapeutic
potential (Barnes 2000a). While it may not be feasible or cost-effective to ad-
minister these proteins as long-term therapy, it may be possible to develop
drugs in the future that increase the release of these endogenous cytokines or
activate their receptors and specific signal transduction pathways.

5.1
Interleukin-10

IL-10 is a potent anti-inflammatory cytokine that inhibits the synthesis of many
inflammatory proteins, including cytokines (TNF-a, GM-CSF, IL-5, chemo-
kines) and inflammatory enzymes (iNOS) that are over-expressed in asthma
(Pretolani et al. 1997) (Fig. 8). Indeed there may be a defect in IL-10 transcrip-
tion and secretion from macrophages in asthma, suggesting that IL-10 might be
defective in atopic diseases (Borish et al. 1996; John et al. 1998; Barnes 2001b).
In sensitised animals, IL-10 is effective in suppressing the inflammatory re-
sponse to allergen (Zuany-Amorim et al. 1995) and CD4" cells engineered to se-
crete IL-10 suppress airway inflammation in a murine model of asthma (Oh et
al. 2002). Specific allergen immunotherapy results in increased production of
IL-10 by Th cells and this may contribute to the beneficial effects of immuno-
therapy (Akdis et al. 1998).

IL-10 might also be of therapeutic value in COPD as it not only inhibits TNF
and chemokines, but also certain MMPs, such as MMP-9 that may be involved
in destruction of elastin in the lung parenchyma (Lacraz et al. 1995). In addi-

Fig. 8 Anti-inflammatory actions of interleukin-10. IL-10 has several anti-inflammatory effects and may
therefore be of therapeutic value, either as the cytokine or in the future as drugs that activate the same
signal transduction pathways



230 P J. Barnes

tion, IL-10 increases the release of the tissue inhibitors of MMPs (TIMPs), the
endogenous inhibitors of MMPs.

Recombinant human IL-10 has proved to be effective in controlling inflam-
matory bowel disease and psoriasis, where similar cytokines are expressed, and
may be given as a weekly injection (Fedorak et al. 2000). Although IL-10 is rea-
sonably well tolerated, there are haematological side effects. In the future, drugs
which activate the unique signal transduction pathways activated by the IL-10
receptor or drugs that increase endogenous production of IL-10 may be devel-
oped. In mice drugs that elevate cyclic AMP increase IL-10 production, but this
does not appear to be the case in human cells (Seldon et al. 1998).

5.2
Interferons

Interferon (IFN)-p inhibits Th2 cells and should therefore reduce atopic inflam-
mation. In sensitised animals, nebulised IFN-y inhibits eosinophilic inflamma-
tion induced by allergen exposure (Lack et al. 1996) and adenovirus-mediated
gene transfer of IFN-y inhibits allergic inflammation in mice (Behera et al.
2002). However, administration of IFN-p by nebulisation to asthmatic patients
did not significantly reduce eosinophilic inflammation, possibly due to the
difficulty in obtaining a high enough concentration locally in the airways
(Boguniewicz et al. 1995). Interestingly, allergen immunotherapy increases
IFN-y production by circulating T cells in patients with clinical benefit
(Benjaponpitak et al. 1999) and increased numbers of IFN-y-expressing cells in
nasal biopsies of patients with allergic rhinitis (Durham et al. 1996). A preliminary
report suggests that IFN-a may be useful in the treatment of patients with severe
asthma who have reduced responsiveness to corticosteroids (Gratzl et al. 2000).

53
Interleukin-12

IL-12 is the endogenous regulator of Thl cell development and determines the
balance between Thl and Th2 cells (Gately et al. 1998). IL-12 administration to
rats inhibits allergen-induced inflammation (Gavett et al. 1995) and inhibits
sensitisation to allergens. IL-12 releases IFN-p, but has additional effects on T
cell differentiation. IL-12 levels released from whole blood cells are lower in
asthmatic patients, indicating a possible reduction in IL-12 secretion (van der
Pouw Kraan et al. 1997).

Recombinant human IL-12 has been administered to humans and has several
toxic effects that are diminished by slow escalation of the dose (Leonard et al.
1997). In patients with mild asthma, weekly infusions of human recombinant
IL-12 in escalating doses over 4 weeks caused a progressive fall in circulating
eosinophils, and a reduction in the normal rise in circulating eosinophils after
allergen challenge (Bryan et al. 2000) (Fig. 9). There was a concomitant reduc-
tion in eosinophils in induced sputum. However, there was no reduction in
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Fig. 9 Effect of interleukin-12 on peripheral blood eosinophils in patients with mild asthma. IL-12 was
given in progressively increasing doses as an intravenous injection. (Adapted from Bryant et al. 2000)

either early or late response to inhaled allergen challenge or any reduction in
AHR (as with anti-IL-5 therapy). Furthermore, most of the patients suffered
form malaise and one out of the 12 subjects had an episode of cardiac arrhyth-
mia. This suggests that IL-12 in not a suitable treatment for asthma. In mice,
administration of an IL-12-allergen fusion protein results in the development of
a specific Thl response to the allergen, with increased production of an aller-
gen-specific IgG2, rather than the normal Th2 response with IgE formation
(Kim et al. 1997). This indicates the possibility of using local IL-12 together with
specific allergens to provide a more specific immunotherapy, which might even
be curative if applied early in the course of the atopic disease.

5.4
IL-18 and IL-23

IL-18 was originally described as IFN-p-releasing factor, but has a different
mechanism of action to IL-12 (Dinarello 2000). IL-12 and IL-18 appear to have a
synergistic effect on inducing IFN-p release and for inhibiting IL-4-dependent
IgE production and AHR (Hofstra et al. 1998), but no clinical studies have so far
been reported.

1L-23 is structurally related to IL-12 and shares some of its biological effects,
so it should have a protective function in asthma (Oppmann et al. 2000). Its
clinical potential has not yet been explored.

6
Chemokine Inhibitors

Many chemokines are involved in the recruitment of inflammatory cells in
asthma and COPD (Lukacs 2001). Over 50 different chemokines are now recog-
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CCR3 antagonists CCR2 antagonists CCR4/8 antagonists

Met-RANTES CXCR4 antagonists
UCB 35625
SB 328437

Fig. 10 Chemokine receptor antagonists in asthma. Several chemokines are likely to be involved in the
pathophysiology of asthma. There are three major chemokine receptor targets in asthma: CCR3, which
is most advanced in terms of small molecule inhibitor development, but also CCR2 and CCR4, for which
small molecule inhibitors are now in development

nised and they activate up to 20 different surface receptors (Rossi et al. 2000).
Chemokine receptors belong the seven transmembrane receptor superfamily of
G protein-coupled receptors, and this makes it possible to find small molecule
inhibitors, which has not yet been possible for classical cytokine receptors
(Proudfoot 2002). Some chemokines appear to be selective for single chemo-
kines, whereas others are promiscuous and mediate the effects of several related
chemokines (Fig. 10). Chemokines appear to act in sequence in determining the
final inflammatory response, and so inhibitors may be more or less effective de-
pending on the kinetics of the response (Gutierrez-Ramos et al. 2000).

6.1
CCR3 Inhibitors

Several chemokines, including eotaxin, eotaxin-2, eotaxin-3, RANTES and mac-
rophage chemoattractant protein-4 (MCP-4) activate a common receptor on eo-
sinophils designated CCR3 (Gutierrez-Ramos et al. 1999). A neutralising anti-
body against eotaxin reduces eosinophil recruitment in to the lung after allergen
and the associated AHR in mice (Gonzalo et al. 1996). There is increased expres-
sion of eotaxin, eotaxin-2, MCP-3, MCP-4 and CCR3 in the airways of asthmatic
patients, and this is correlated with increased AHR (Ying et al. 1997, 1999). Sev-
eral small molecule inhibitors of CCR3, including UCB35625, SB-297006 and
SB-328437 are effective in inhibiting eosinophil recruitment in allergen models
of asthma (Sabroe et al. 2000; White et al. 2000) and drugs in this class are cur-
rently undergoing clinical trials in asthma. Although it was thought that CCR3
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were restricted to eosinophils, there is some evidence for their expression on
Th2 cells and mast cells, so that these inhibitors may have a more widespread
effect than on eosinophils alone, making them potentially more valuable in
asthma treatment.

RANTES, which shows increased expression in asthmatic airways (Berkman
et al. 1996) also activates CCR3, but also has effects on CCR1 and CCR5, which
may play a role in T cell recruitment. Modification of the N-terminal of
RANTES, met-RANTES, has a blocking effect on RANTES by inhibiting these
receptors (Elsner et al. 1997).

6.2
CCR2 Inhibitors

MCP-1 activates CCR2 on monocytes and T lymphocytes. And blocking MCP-1
with neutralising antibodies reduces recruitment of both T cells and eosinophils
in a murine model of ovalbumin-induced airway inflammation, with a marked
reduction in AHR (Gonzalo et al. 1996). MCP-1 also recruits and activates mast
cells, an effect that is mediated via CCR2 (Campbell et al. 1999). MCP-1 instilled
into the airways induces marked and prolonged AHR in mice, associated with
mast cell degranulation. A neutralising antibody to MCP-1 blocks the develop-
ment of AHR in response to allergen (Campbell et al. 1999). MCP-1 levels are
increased in bronchoalveolar lavage fluid of patients with asthma (Holgate et al.
1997). This has led to a search for small molecule inhibitors of CCR2.

CCR2 may also play an important role in COPD, as MCP-1 levels are in-
creased in sputum and lungs of patients with COPD (de Boer et al. 2000; Traves
et al. 2002). MCP-1 is a potent chemoattractant of monocytes and may therefore
be involved in the recruitment of macrophages in COPD. Indeed the chemoat-
tractant effect of induced sputum from patients with COPD is abrogated by an
antibody to CCR2. Since macrophages appear to play a critical role in COPD as
a source of elastases and neutrophil chemoattractants, blocking CCR2 may be a
therapeutic strategy in COPD.

6.3
Other CCR Inhibitors

CCR4 and CCRS are selectively expressed on Th2 cells and are activated by the
chemokines monocyte-derived chemokine (MDC) and thymus and activation-
dependent chemokine (TARC) (Lloyd et al. 2000). Inhibitors of CCR4 and
CCR8 may therefore inhibit the recruitment of Th2 cells and thus persistent
eosinophilic inflammation in the airways. CCR8 gene deletion does not have
any effects on allergic inflammation in mice, suggesting that this receptor may
not be an effective target (Chung et al. 2003). CXCR4 are also selectively ex-
pressed on Th2 cells and a small molecule inhibitor AMD3100 inhibits allergen-
induced inflammation in a murine model of asthma (Lukacs et al. 2002).
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CCR7 plays a role in the migration of dendritic cells to regional lymph nodes;
therefore, blocking this receptor might suppress antigen presentation (Sallusto
et al. 2000).

6.4
CXCR Inhibitors

CXC receptors mediate the effects of CXC chemokines, which act predominantly
on neutrophils and monocytes. IL-8 levels are markedly increased in induced
sputum of patients with COPD and correlate with the increased proportion of
neutrophils (Keatings et al. 1996). Since IL-8 is a potent neutrophil chemoattrac-
tant, it is an attractive target for COPD therapy. Anti-IL-8 antibodies have an in-
hibitory effect on the chemotactic response to COPD sputum (Hill et al. 1999).
IL-8 acts via two receptors: CXCR1, which is a low-affinity receptor that is spe-
cific for IL-8, and CXCR2, which has high affinity and is shared by several other
CXC chemokines, including growth-related oncogene (GRO)-a, GRO-8, GRO-y,
granulocyte chemotactic protein (GCP)-2 and epithelial cell-derived neutrophil-
activating peptide (ENA)-78 (Fig. 11). CXCRI responds to high concentrations
of IL-8 and is responsible for activation of neutrophils and release of superoxide
anions and neutrophil elastase, whereas CXCR2 responds to low concentrations
of CXC chemokines and is involved in chemotactic responses. Potent small mol-
ecule inhibitors of CXCR2, such as SB 225002, have now been developed that
block the chemotactic response of neutrophils to IL-8 and GRO-o (White et al.
1998; Hay et al. 2001). This antagonist has a significant inhibitory effect on the
chemotactic response to COPD sputum. Concentrations of GRO-¢ are also
elevated in induced sputum of patients with COPD, and this mediator has a che-

Fig. 11 CXC chemokine receptors are important for neutrophilic inflammation. Interleukin-8 (/L-8) sig-
nals through a low-affinity specific receptor (CXCR1) but also through a high-affinity receptor (CXCR2)
shared with other CXC chemokines, such as growth-related oncogene (GRO)-c. Small molecule in-
hibitors of CXCR2 are now in development
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motactic effect on neutrophils and monocytes (Traves et al. 2002). CXCR2 an-
tagonists may therefore also reduce monocyte chemotaxis and the accumulation
of macrophages in COPD patients.

Neutrophils are not a prominent feature of inflammation in patients with
chronic asthma, and inflammation is dominated by eosinophils. However, there
is evidence for increased neutrophils in biopsies and induced sputum of pa-
tients with severe asthma who are treated with high doses of inhaled or oral cor-
ticosteroids, and the levels of IL-8 are increased (Wenzel et al. 1997; Jatakanon
et al. 1999). It is not certain whether this neutrophilic inflammation contributes
to pathophysiology, but it is possible that CXCR inhibitors may have a therapeu-
tic role in severe asthma.

7
Other Approaches to Cytokine Inhibition

Although there have been several attempts to block specific cytokines, this may
not be adequate to block chronic inflammation is asthma or COPD, as so many
cytokines are involved and there is considerable redundancy of effects. This has
suggested that the development of drugs that have a more general effect on cy-
tokine synthesis may be more successful. However, these drugs also affect other
inflammatory processes, so their beneficial effects cannot necessarily be as-
cribed to inhibition of cytokine synthesis alone.

7.1
Corticosteroids

Corticosteroids are by far the most effective treatments for asthma, and part of
their efficacy is due to inhibition of inflammatory cytokine expression. This is
mediated via an effect on glucocorticoid receptors to reverse the acetylation of
core histones that is linked to increased expression of inflammatory genes, such
as those encoding cytokines and chemokines (Ito et al. 2000). However, corti-
costeroids are not effective in suppressing the inflammation in COPD (Barnes
2000b) and this, at least in part, may be explained by an inhibitory effect of cig-
arette smoking on histone deacetylation (Ito et al. 2001).

7.2
Immunomodulatory Drugs

Cyclosporin A, tacrolimus and rapamycin inhibit the transcription factor
NEF-AT that regulates the secretion of IL-2, IL-4, IL-5, IL-13 and GM-CSF by
T lymphocytes (Rao et al. 1997). Although it has some reported beneficial ste-
roid-sparing effects in asthma (Lock et al. 1996), the toxicity of cyclosporin A
limits is usefulness, at least when given orally. More selective Th2-selective
drugs may be safer for the treatment of asthma in the future. An inhibitor of
Th2 cytokines, suplatast tosilate (Oda et al. 1999), is reported to provide clinical
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benefit in asthma (Tamaoki et al. 2000). Cytotoxic (CD8*) T lymphocytes are
prominent in COPD and therefore immunomodulatory drugs may also have a
potential role in this disease.

7.3
Phosphodiesterase-4 Inhibitors

Phosphodiesterase (PDE)4 inhibitors inhibit the release of cytokines and che-
mokines from inflammatory cells via an increase in intracellular cyclic AMP
(Torphy 1998). Their clinical use is limited in asthma by side effects such as
nausea. In contrast to corticosteroids, PDE4 inhibitors have a potent inhibitory
effect on neutrophils (Au et al. 1998), indicating that they may be useful anti-in-
flammatory treatments for COPD. There is preliminary evidence that a PDE4 in-
hibitor cilomilast improves lung function and symptoms in patients with COPD,
although whether this is due to inhibition of cytokines is not yet certain
(Compton et al. 2001).

714
NF-«B (IKK2) Inhibitors

NF-xB regulates the expression of many cytokines and chemokines involved in
asthma and COPD (Barnes et al. 1997). There are several possible approaches to
inhibition of NF-«B, including gene transfer of the inhibitor of NF-xB (IxB), in-
hibitors of IxB kinase-2 (IKK2), NF-xB-inducing kinase (NIK) and IxB ubiqui-
tin ligase, which regulate the activity of NF-xB, and the development of drugs
that inhibit the degradation of IxB (Delhase et al. 2000). One concern about this
approach is that effective inhibitors of NF-xB may result in immune suppres-
sion and impair host defences, since knock-out mice which lack NF-«B proteins
succumb to septicaemia. However, there are alternative pathways of NF-xB acti-
vation that might be more important in inflammatory disease (Nasuhara et al.
1999). Several small molecule inhibitors of IKK2 are now in development.

7.5
p38 MAP Kinase Inhibitors

Mitogen-activated protein (MAP) kinases play a key role in chronic inflamma-
tion and several complex enzyme cascades have now been defined. One of these,
the p38 MAP kinase pathway is involved in expression of inflammatory cy-
tokines and chemokines (Meja et al. 2000; Underwood et al. 2000). Small mole-
cule inhibitors of p38 MAP kinase, such as SB 203580, SB 239063 and RW]
67657, also known as cytokine synthesis anti-inflammatory drugs (CSAIDS),
have now been developed and these drugs have a broad range of anti-inflamma-
tory effects (Lee et al. 2000). There may be issues of safety, as p38 MAP kinases
are involved in host defence. It is possible that the inhaled route of delivery may
reduce the risk of side effects, however.
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8
Conclusions

There are several specific cytokine and chemokine inhibitors now in develop-
ment for the treatment of asthma and COPD. Inhibition of IL-4 with soluble IL-
4 receptors in asthma showed promising early results, but this was not con-
firmed in larger trials and IL-13 inhibition is more promising. Anti-IL-5 anti-
body is very effective at inhibiting peripheral blood and airway eosinophils, but
does not appear to be effective in symptomatic asthma. Inhibitory cytokines,
such as IL-10, interferons and IL-12 are less promising, as systemic delivery
produces side effects and it may be necessary to develop inhaled delivery sys-
tems. Inhibition of TNF-o may be useful in the treatment of severe asthma and
COPD with systemic features. Many chemokines are involved in the inflammato-
ry response of asthma and COPD and small molecule inhibitors of chemokine
receptors are now in development. CCR3 and CXCR2 antagonists are now being
developed for the treatment of asthma and COPD, respectively. Because so many
cytokines are involved in these complex diseases, drugs that inhibit the synthe-
sis of multiple cytokines may be more successful. Several such classes of drug
are now in clinical development, including PDE4, p38 MAP kinase and IKK2 in-
hibitors. The risk of side effects in these non-specific inhibitors may be reduced
by inhaled route of delivery.
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Abstract Adhesion of inflammatory cells to the vascular endothelium is an es-
sential step in the movement of these cells out of the blood and into tissue sites
and is therefore required for adequate host defence. However, the excessive re-
cruitment of leucocytes to the lung, seen in diseases such as asthma and chronic
obstructive pulmonary disease, is equally dependent upon this process. There-
fore, leucocyte-endothelial adhesion presents a potential drug target for the de-
velopment of new anti-inflammatory agents that would reduce the tissue dam-
age and inflammation associated with the presence of these cells in the lung.
This chapter discusses the adhesion molecules and pathways involved in ad-
hesion of different leucocyte types to the vascular endothelium and some ap-
proaches that have been made in limiting these mechanisms.

Keywords Asthma - Chronic obstructive pulmonary disease - Adhesion
molecule - Endothelium - Leucocyte - Inflammation - Selectin - Integrin -
Immunoglobulin - Clinical trial
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1
Inflammatory Cell Migration

An essential step in the migration of leucocytes out of blood vessels is adhesion
to the vascular endothelium. Consequently, inhibition of leucocyte-endothelial
adhesion presents an attractive therapeutic target as limitation of this process
would therefore limit the number of leucocytes subsequently reaching the tissue
and hence the damage caused by their inappropriate recruitment and activation
in inflammatory disease.

Leucocyte-endothelial adhesion can be considered to occur in three overlap-
ping stages: an initial loose tethering arrests the travel of the cell in the circula-
tory flow, followed by rolling of the leucocyte along the endothelium, increasing
intercellular surface contact, before a firmer adhesion is mediated which re-
quires activation of the interacting cell. Once this process is complete, the leuco-
cyte is able to traverse the endothelium between individual cells, and travel
through the basement membrane, partially under the influence of a chemotactic
gradient, into the tissue. This series of events relies upon the interaction of ad-
hesion molecules expressed on the respective cell surfaces either constitutively
or in response to stimulation by cytokines or other mediators, in the event of
inflammation, trauma or infection. The time scale and type of inflammatory
stimulus influences which adhesion molecules are present on the vascular endo-
thelium (Table 1).

Table 1 is not exhaustive, but serves to illustrate differences in profiles of ex-
pression of different adhesion molecules. The endothelium, in a sustained state
of activation, will express both selectin and IgSF adhesion molecules.

Activated endothelial cells also synthesise and express on their surfaces in-
flammatory mediators and chemokines, which are able to interact with recep-
tors on the surface of the interacting, loosely tethered leucocyte, promoting ac-
tivation of the cell.

Once the leucocyte becomes activated, integrin adhesion molecules on its
surface become upregulated. This process is in part a functional upregulation,
as change in conformation of molecules that are already present increases avid-

Table 1 Endothelial cell adhesion molecules
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ity for respective endothelial ligands. A numerical increase in the number of
these adhesion molecules expressed on the leucocyte surface also occurs.

Conformationally altered, upregulated ,-integrin adhesion molecules inter-
act with endothelial immunoglobulin superfamily adhesion molecules and the
leucocyte arrests on the endothelium as firm adhesion is established. At the
same time, L-selectin molecules are shed from the leucocyte surface as selectin-
mediated adhesion ceases to be dominant.

The adherent leucocyte then undergoes diapedesis between endothelial cells
before flattening onto the basal surface of the endothelium, still interacting with
adhesion molecules.

Finally, leucocytes which have crossed the endothelium dissociate from its
basal surface, probably through selective downregulation of adhesion molecules.
The cells then travel through to the site of tissue inflammation, under the influ-
ence of a gradient of chemotactic factors bound to the extracellular matrix.

2
Adhesion Molecules

2.1
Selectins

The selectins are a family of glycoprotein adhesion molecules comprising an
epidermal growth factor-like moiety, repeating sequences mimicking those
found on complement-binding proteins and an NH,-terminal lectin domain. It
is via the lectin domain that these molecules Ca**-dependently bind to carbohy-
drate structures on the surfaces of interacting cells. E-selectin, found on endo-
thelial cells, L-selectin, found on leucocytes and P-selectin, found on endothelial
cells and platelets show approximately 60% homology in their lectin domains
(Bevilacqua et al. 1989; Johnston et al. 1989) and the genes which encode these
molecules are closely located to each other on chromosome 1 (Watson et al.
1990).

All selectins interact with the tetrasaccharide sialyl Lewis x (sLe*) on carbo-
hydrate counterstructures (Munro et al. 1992; Alon et al. 1995; reviewed by
McEver et al. 1995; Vestweber and Blanks 1999) and hence, selectin-mediated
rolling is sensitive to neuraminidase, which removes sialic acid residues (Atherton
and Born 1973; Spertini et al. 1991b).

Selectins are involved predominantly in the early, rolling stage of adhesion,
before interacting leucocytes are activated and without which firm adhesion
cannot proceed (Lawrence and Springer 1991).

E-selectin is expressed on endothelial cells as a result of de novo synthesis in
response to activation by lipopolysaccharide or cytokines such as interleukin
(IL)-1p or tumour necrosis factor (TNF)-¢, but is not present on the surface of
resting endothelial cells. Transcription is activated following endothelial cell
stimulation, and surface expression peaks after 2-4 h, being over after 24 h in
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vitro (Bevilacqua et al. 1989). Evidence suggests that the time course in vivo is
comparable (Mulligan et al. 1991).

E-selectin is known to bind to counter-structures on the surfaces of neutro-
phils (Luscinskas et al. 1989), eosinophils (Kyan-Aung et al. 1991), monocytes
(Carlos et al. 1991) and lymphocytes (Picker et al. 1991b). Certain carcinoma
cells also bind to E-selectin (Rice and Bevilacqua 1989), a factor probably in-
volved in tumour metastasis, a process known to bear many similarities to leu-
cocyte extravasation (Vlodavsky et al. 1992; Hulett et al. 1999).

In vitro, both neutrophils and eosinophils, under shear flow conditions, were
found to accumulate and roll on E-selectin. However, high densities of E-selectin
were required to elicit eosinophil accumulation, and those cells which did tether
rolled at a higher velocity than neutrophils (Patel and McEver 1997), suggesting
that alternative mechanisms may be more important in eosinophil adhesion.

There is much evidence, however, to suggest that this adhesion molecule is
particularly important in inflammatory conditions such as bronchial asthma.
E-selectin was found to be the predominant adhesion molecule involved in
the adhesion of neutrophils to human lung microvascular endothelial cells
(HLMVECs) that had been stimulated with TNF-¢, and it was observed in the
same study to contribute to the adhesion of eosinophils to these cells (Blease et
al. 1998). Indeed, systemic treatment of rats with a monoclonal antibody (mAb)
to E-selectin reduced by 70% the accumulation of neutrophils in both glycogen-
induced peritoneal exudates and in bronchoalveolar lavage (BAL) fluid follow-
ing IgG immune-complex deposition in the lung, a procedure which was shown
immunohistochemically to markedly upregulate E-selectin expression in the
lung microvasculature (Gundell et al. 1991; Mulligan et al. 1991). In another
study in vivo, neutrophil infiltration into the lungs of sensitised cynomolgus
monkeys, associated with the late-phase airway obstruction following allergen
challenge, correlated directly with increased expression of E-selectin on pulmo-
nary vascular endothelium (Gundell et al. 1991). In addition, human CD8*
T cells expressing the cutaneous lymphocyte-associated antigen (CLA) were
found to account for the majority of E-selectin-binding lymphocytes in a circu-
lating population, which bound as strongly as neutrophils, whereas lympho-
cyte-E-selectin interactions are generally weaker (Picker et al. 1991a). In the
same study, it was demonstrated that the accumulation of this subset of T cells
in sites of inflamed skin correlated with dense expression of E-selectin in asso-
ciated venules. Transgenic mice deficient in E-selectin, following intraperitoneal
injection of Streptococcus pneumoniae, were found to display increased rates of
mortality, with prolonged bacteraemia and morbidity than wild-type mice,
effects which were also observed in P-selectin-deficient and E- plus P-selectin
deficient mice (Munoz et al. 1997). However, under normal conditions, singular-
ly E-selectin-deficient animals are no more susceptible to nascent infections
than wild-type mice (Labow et al. 1994), whereas those which lack both endo-
thelial selectins are (Bullard et al. 1996; Frenette et al. 1996).

Cross-reactivity between the selectins and carbohydrate counter-ligands is
well established, notably, interactions between all three selectins and P-selectin
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glycoprotein ligand-1 (PSGL-1). Evidence suggests that PSGL-1 can exist in two
forms, one which binds to P-selectin but not to E-selectin, and a second which
contains a specific carbohydrate epitope (the cutaneous lymphocyte-associated
antigen), expressed by T cells found in inflamed skin. This latter form of PSGL-
1, expressed by a mouse T cell clone 4 days after antigen challenge, bound to
E-selectin, but binding did not occur 8 or 12 days post-antigen. P-selectin, how-
ever, was bound on all three test days, indicating specific structural require-
ments of the PSGL-1 molecule for E-selectin binding (Borges et al. 1997b). An-
other study showed that only the first 19 amino acids of PSGL-1 are required for
effective binding to E-selectin, as demonstrated by the fact that microspheres
coated with different recombinant segments of PSGL-1 rolled under flow condi-
tions on Chinese hamster ovary (CHO) cell monolayers transfected with E-selec-
tin. However, a second region of PSGL-1 (between amino-acids 19 and 148) was
found to bind E-selectin, but not P-selectin (Goetz et al. 1997). In addition, a
mAb directed against P-selectin itself was shown in vitro to reduce the number
of monocytes interacting with E-selectin under shear stress (Lim et al. 1998). In-
terestingly, neutrophils and eosinophils from patients with allergic asthma ex-
press greater levels of PSGL-1 than those from normal donors (Dang et al.
2002).

There is evidence to suggest that E-selectin can act as a signalling molecule,
affecting leucocyte functions directly. For example, engagement of E-selectin by
adherent neutrophils has been shown to lead to upregulation of integrin adhe-
sion molecules on the neutrophil surface (reviewed by Crockett-Torabi 1998).
Furthermore, binding of endothelial E-selectin (or P-selectin and VCAM-1, but
not ICAM-1) by specific mAb or leucocyte counterreceptors, was found to raise
the intracellular [Ca**] of endothelial cells and induce cytoskeletal rearrange-
ment, factors involved in optimising the endothelium to allow the transmigra-
tion of leucocytes (Lorenzon et al. 1998). E-selectin is crucially involved in the
early, loose interactions between leucocytes and the endothelium which precede
firm adhesion and diapedesis. The results of these studies would, however, sug-
gest that the role of E-selectin does not end with the facilitation of cell rolling
but, rather, involves the preparation of both cells for later, integrin-mediated
events.

P-selectin is an adhesion molecule which is expressed by platelets and also by
endothelial cells (McEver et al. 1989). This glycoprotein is stored in Weibel-
Palade bodies of endothelial cells and secretory a-granules of platelets, and is
rapidly externalised onto the cell surface upon cellular activation.

P-selectin is important in the interactions of platelets with vascular endotheli-
um and with other cell types (Larsen et al. 1989; Hamburger and McEver 1990),
interactions which are known to be important in inflammatory diseases such as
asthma (Coyle et al. 1990; Lellouch-Tubiana et al. 1990) and inflammatory bowel
disease (Collins et al. 1994). Thrombin-induced platelet-neutrophil adhesion is
P-selectin dependent (de Bruijne-Admiraal et al. 1992), and is known to involve
two specific sites (23-30 and 76-90) on the molecule (Chignier et al. 1994).
These isolated peptides are able to inhibit thrombin-induced interactions be-
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tween the two cell types. Adhesion of resting platelets to fMLP stimulated neu-
trophils is abolished by a mAb to CD18 but not by a mAb to P-selectin, whereas
activated platelet-neutrophil interactions involve a P-selectin-dependent recog-
nition step, followed by a tyrosine kinase-dependent signalling step, which leads
to fy-integrin-mediated adhesion of the neutrophil to the platelet (Evangelista et
al. 1996). It has been demonstrated that stimulation of either neutrophils or
platelets increases their heterotypic intercellular binding, a process found to uti-
lise both P-selectin and macrophage-1 (Mac-1; CD11b/CD18) regardless of
which cell type was primarily activated, supporting the involvement of transcel-
lular activation processes (Brown et al. 1998). Similarly, tethering of monocytes
to P-selectin on activated endothelium increases the generation of monocyte
chemotactic protein (MCP)-1 and TNF-a by the monocytes when they are acti-
vated by platelet activating factor (PAF) (Weyrich et al. 1995), which is ex-
pressed on endothelial cells in co-operation with P-selectin (Prescott et al. 1984;
Lorant et al. 1991). Moreover, adhesion of monocytes to activated platelets ex-
pressing P-selectin augments monocyte synthesis of MCP-1 and IL-8 in response
to regulated upon activation, normal T cell expressed and secreted (RANTES),
a chemokine released from activated platelets (Weyrich et al. 1996).

Additionally, it has been demonstrated that engagement of PSGL-1 on mouse
neutrophils by recombinant P-selectin enhances their adhesion to intercellular
adhesion molecule (ICAM)-1 via f,-integrins and increases CD11b/CD18 ex-
pression, although these observations were not seen with human neutrophils
(Blanks et al. 1998). Nonetheless, the results of these studies suggest a clear in-
volvement for activated platelets in augmentation of neutrophil-endothelial in-
teractions. Furthermore, platelets expressing P-selectin have been shown to be
able to restore lymphocyte rolling on high endothelial venules (HEV) of experi-
mental animals in which rolling has been previously inhibited (by up to 90%)
by treatment with a mAb to L-selectin (Diacovo et al. 1996a), an observation
that also highlights the cross-reactivity which exists between the selectins.

Whereas P-selectin expression on activated platelets is prolonged, its expres-
sion on endothelial cells is transient, following which the molecule is re-inter-
nalised. Exposure of human umbilical vein endothelial cells (HUVECs) to milli-
molar concentrations of H,0,, which is released by activated neutrophils, was
seen to lead to an increased adhesiveness of the cells for neutrophils via the
rapid synthesis of PAF (Lewis et al. 1988). Exposure of the cells to micromolar
concentrations of H,0; for longer periods was found to induce neutrophil adhe-
sion through a mechanism which was independent of PAF synthesis and E-selec-
tin expression, and which did not actively involve the neutrophil. This phenom-
enon was found to be due to P-selectin expression on endothelial cells, as con-
firmed by the presence of the Weibel-Palade body component, von Willebrand
factor (vWF) in the culture medium and, more precisely, by the fact that mAb
to P-selectin abrogated the neutrophil adhesion (Patel et al. 1991). The neutro-
phil is not actively involved in P-selectin mediated-adhesion to endothelium
(Geng et al. 1990).
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Thrombin or histamine stimulation of endothelial cells leads to an extremely
rapid translocation of P-selectin to the cell surface (Hattori et al. 1989). Incuba-
tion of HUVECs with thrombin causes an increase in adhesiveness for neutro-
phils (Zimmerman et al. 1985) which begins 15 min following exposure to
thrombin and persists for up to 120 min (Sugama et al. 1992), whereas P-selec-
tin expression was found to peak after 5-15 min and was over within 90 min.
Anti-E-selectin mAb had no effect on the thrombin induced neutrophil adhe-
sion, whereas a mAb against P-selectin blocked the adhesion observed in the
first 30 min of thrombin exposure, mAbs against ICAM-1 or CD18 being re-
quired to block the later adhesion (Sugama et al. 1992). Under flow conditions
in vitro, both neutrophils and eosinophils accumulate and roll on P-selectin, al-
though more neutrophils than eosinophils tether to a given density of P-selectin
(Patel and McEver 1997). Both neutrophil and eosinophil accumulation is com-
promised in P-selectin-deficient mice. Eosinophil infiltration in the lungs of sen-
sitised mice exposed to antigen is reduced in the earlier stages of the resultant
inflammatory response (Gonzalo et al. 1996; Broide et al. 1998). In the study by
Gonzalo and co-workers, eosinophil accumulation was reduced 3 h after allergen
challenge but actually increased 7 h post-antigen, suggesting that inhibition of
lung eosinophilia seen in the early phase after challenge may reflect a shift in
the time-course of leucocyte trafficking rather than an actual reduction in num-
bers undergoing extravasation. Similar effects of P-selectin deficiency have been
reported with regard to neutrophil accumulation in cerebrospinal fluid (CSF), in
cytokine (TNF-o and IL-1f)-induced meningitis. P-selectin-deficient mice had
less neutrophils in the CSF 4 and 6 h after intrathecal injection of the cytokines,
with levels the same as in wild-type mice after 8 h. However, doubly E- plus
P-selectin-deficient mice showed significant reductions in CSF neutrophils 4, 6
and 8 h after injection (Tang et al. 1996).

Rolling of human neutrophils (Sako et al. 1993; Moore et al. 1995) and mono-
cytes (Lim et al. 1998) on P-selectin is mediated by PSGL-1. PSGL-1 is a glyco-
protein expressed on leucocytes which mediates their adhesion to P-selectin ex-
pressed on activated platelets or endothelial cells, and which is also able to inter-
act with E-selectin and L-selectin (reviewed by Moore 1998).

It has been demonstrated that only the lectin and epidermal growth factor
(EGF)-like domains of P-selectin are required for binding to PSGL-1 (Mehta et
al. 1997), an interaction which is dependent on a specific site within the N-ter-
minus of PSGL-1 (Goetz et al. 1997). Indeed, it was found that a mAb to the
N-terminus of PSGL-1, when administered systemically to mice, inhibited neu-
trophil accumulation in mouse peritoneum. This effect was augmented by con-
comitant administration of a mAb to P-selectin itself (Borges et al. 1997a).

When neutrophils become activated, surface ligands for P-selectin are redis-
tributed, rendering the cells less adhesive to P-selectin (Lorant et al. 1995;
Bruehl et al. 1997), a step which is probably involved in facilitation of extravasa-
tion (and which parallels the shedding of L-selectin from activated leucocytes).

L-selectin is expressed constitutively on the surface of leucocytes and is in-
volved in their early rolling events on endothelial cells. It also plays a part in
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leucocyte-leucocyte interactions, in co-operation with integrin adhesion mole-
cules (Lynam et al. 1996). Although expressed on resting leucocytes, a brief en-
hancement of the adhesiveness of L-selectin for its counterligands occurs when
leucocytes become activated (Spertini et al. 1991a).

In a non-static, in vitro adhesion study, L-selectin was demonstrated, through
specific blockade with an anti-L-selectin mAb, to mediate more than 60% of the
attachment of monocytes to TNF-a-stimulated bovine aortic endothelial cells
(BAEC) and, in addition, to be able to bind to unstimulated BAEC (Giuffre et al.
1997). In vivo, the early trafficking of neutrophils to the peritoneal cavity of
mice, in response to thioglycollate, was found to be inhibited by pre-administra-
tion of an L-selectin IgG chimaera, which comprises the extracellular domain of
murine L-selectin linked to human IgG,; (Watson et al. 1991). In an intravital mi-
croscopy study in rabbit mesentery, the L-selectin IgG chimaera exerted a pro-
found inhibitory effect upon neutrophil rolling, as did an antibody directed
against L-selectin itself (Ley et al. 1991). Mice deficient in L-selectin showed less
neutrophil accumulation in lung microvasculature in a model of experimental
bacterial pneumonia, although the numbers of emigrated cells in the lung, 6 h
after bacterial instillation, did not differ from those seen in control animals
(Doyle et al. 1997). Furthermore, allergic L-selectin-deficient mice did not
demonstrate defective eosinophil infiltration in the lung, 3 or 6 h following in-
halation of antigen (Gonzalo et al. 1996). The results of these studies illustrate
that although L-selectin is involved in early leucocyte-endothelial interactions,
other adhesion molecule systems mediate cell extravasation.

SLe* is expressed on L-selectin molecules on the cell surface, which presents
a potential adhesive ligand for selectin molecules on apposing endothelial cells
or leucocytes (Picker et al. 1991b). In addition, PSGL-1 on the surface of leuco-
cytes associates with L-selectin on other leucocytes and, in this way, is involved
in homotypic cell interactions (reviewed by Moore 1998). In particular, it is
known that neutrophils and eosinophils utilise L-selectin-PSGL-1 binding in
leucocyte-leucocyte interactions, whereby the NH,-terminus of PSGL-1 associ-
ates with the lectin domain of L-selectin (Patel and McEver 1997). The region
crucial for recognition of L-selectin by PSGL-1 has now been identified as a spe-
cific tyrosine sulphation motif on the molecule (Snapp et al. 1998). As is the
case for P-selectin, L-selectin can act as a signalling molecule, as induction of
mRNA for IL-8 and TNF-a in neutrophils by sulphatides is dependent upon the
presence of L-selectin on these cells (Laudanna et al. 1994).

A combination of anti-PSGL-1 and an anti-L-selectin mAb has been found to
inhibit monocyte attachment to TNF-a-stimulated HUVECs under shear flow in
vitro by more than 80% (Lim et al. 1998). However, rolling of human neutro-
phils and the cell line HL-60 on purified L-selectin is only partially inhibited by
a mAb to PSGL-1, indicating the involvement of a distinct ligand for L-selectin
on the surface of the cells (Ramos et al. 1998).

L-selectin is shed from the surface of leucocytes once they are activated
(Spertini et al. 1991a) by a proteolytic mechanism (Khan et al. 1994). This may
have a local regulatory role in limiting further cellular adhesion as, if soluble
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L-selectin concentrations become great enough, adhesion can be partially inhib-
ited (Schleiffenbaum et al. 1992). Indeed, it has been demonstrated that endoge-
nous, soluble adhesion molecules in general can have an inhibitory role upon
leucocyte-endothelial adhesion. One group noted that human plasma is able to
inhibit neutrophil adhesive functions in vitro, an effect which is abolished by
prior immunoprecipitation of soluble ICAM-1, E-selectin and P-selectin from
the plasma (Ohno et al. 1997).

22
Immunoglobulin Superfamily Adhesion Molecules

Members of the immunoglobulin superfamily characterised to date, involved in
leucocyte-endothelial adhesion, include ICAM-1, -2 and -3, vascular cell ad-
hesion molecule-1 (VCAM-1), platelet endothelial cell adhesion molecule-1
(PECAM-1) and mucosal addressin cell adhesion molecule (MAdCAM).

ICAM-1 is a five-immunoglobulin domain structure expressed by a range of
cell types (Rothlein et al. 1988), including endothelial cells, where it is constitu-
tively expressed at a low level and significantly upregulated when the endotheli-
um is activated by cytokines or lipopolysaccharide (LPS) (Dustin et al. 1986).
This increase in expression can be detected 4-6 h after activation, is maximal
after 24 h and can last for up to 48 h. Increased endothelial ICAM expression
in response to cytokines occurs via a protein synthesis-dependent process
(Rothlein et al. 1986). However, thrombin-stimulated HUVECs were discovered
to express ICAM-1 through a process which is independent of de novo synthe-
sis, as indicated by the absence of ICAM-1 mRNA within a relevant time period.
In addition, pretreatment of the HUVECs with cycloheximide did not affect
ICAM-1 expression on, nor neutrophil adhesion to, thrombin-stimulated
HUVECs, whereas both parameters were blocked when TNF-o was used as the
stimulus (Sugama et al. 1992). This comparatively rapid expression of ICAM-1
in response to thrombin acts to extend the adhesiveness of the endothelium to
neutrophils, a factor which is initiated by P-selectin translocation.

ICAM-1 is involved in the adhesion to activated endothelium of neutrophils
(Diamond et al. 1990; Kyan-Aung et al. 1991), lymphocytes (Smith et al. 1988)
and eosinophils (Kyan-Aung et al. 1991; Blease et al. 1998). It is known to be a
ligand for the leucocyte adhesion molecules CD11a/CD18 and CD11b/CD18, in-
teractions which involve different extracellular domains on ICAM-1 (Diamond
et al. 1990; Diamond et al. 1991).

ICAM-2 is also a ligand for CD11a/CD18. This is a two-domain IgSF adhesion
molecule, homologous (35%) to the two N-terminal domains of ICAM-1, one of
which is responsible for ICAM-1-CD11a/CD18 binding (Diamond et al. 1991). It
has been shown that all CD11a/CD18-dependent adhesion of leucocytes to en-
dothelial cells is mediated by either ICAM-1 or ICAM-2 (de Fougerolles et al.
1991).

ICAM-2 is constitutively expressed on the surface of endothelial cells at a
much higher level than ICAM-1, but is not inducible by cytokine activation
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(Staunton et al. 1989). The presence of ICAM-2 has also been demonstrated on
platelets (Diacovo et al. 1994).

It is likely that ICAM-2 is predominantly concerned with normal functions,
such as the recirculation of lymphocytes, due to its high constitutive expression
and the lack of effect which inflammatory mediators are able to exert upon it.
Conversely, ICAM-1 is probably involved largely with inflammatory and im-
mune events, due to its low expression on resting endothelial cells and its pro-
found upregulation by cytokines. Mice which are deficient in functional ICAM-
1, expressing a variant of this structure with an incomplete extracellular domain
(King et al. 1995), have been found to differ from wild-type mice in experimen-
tal allergic inflammation. Following sensitisation to ovalbumin, these animals
exhibited reduced eosinophils and total cells in the airways 3 days after allergen
challenge, when compared to those seen in sensitised wild-type mice (Wolyniec
et al. 1998). In another study using ICAM-1 deficient mice, Broide et al. (1998)
demonstrated that airway eosinophilia was also greatly reduced at earlier time
points following allergen challenge (3, 12 and 24 h). Interestingly, in the first
study, expression of VCAM-1 in lung microvasculature was persistent in the
ICAM-1-deficient mice 3 days post-challenge (compared to only 24 h in control
mice), suggesting firstly that ICAM-1 provides the predominant route for infil-
trating eosinophils in the later stages of allergic airway inflammation and, sec-
ondly, that animals deficient in one adhesion molecule may compensate by in-
creasing expression of another. Further indication that mutant mice lacking one
adhesion pathway may upregulate an alternative is granted by the fact that
ICAM-1-deficient mice do not exhibit reduced neutrophil accumulation in the
lung in response to intratracheal instillation of LPS, whereas an anti-ICAM-1
mAD inhibits this infiltration in wild-type mice (Kumasaka et al. 1996). Howev-
er, in another study, neutrophil recruitment was seen to be impaired, though
not abolished, in ICAM-1-deficient mice (Sligh et al. 1993).

VCAM-1 is an IgSF adhesion molecule which is also involved in inflamma-
tion. Unlike ICAM-1, it is not expressed basally on vascular endothelium but,
similarly, is synthesised in response to inflammatory mediators (Osborn et al.
1989). VCAM-1 expression is also upregulated by IL-183, TNF-a and endotoxin.
IL-4 is thought to be important in the regulation of VCAM-1 expression
(Thornhill and Haskard 1990; Thornhill et al. 1990). This cytokine has been
shown to act synergistically with IL-15 in the induction of lymphocyte adhesion
(Masinovsky et al. 1990) and with LPS for eosinophil adhesion (Blease et al.
1998) in vitro, and with TNF-¢ in the recruitment of lymphocytes to skin cells
in vivo (Briscoe et al. 1992), demonstrating a mechanism whereby specific leu-
cocyte types can be recruited to tissue sites. Furthermore, the leucocyte ligand
for VCAM-1, very late activation antigen (VLA)-4 (Elices et al. 1990), is an inte-
grin expressed on monocytes, lymphocytes and eosinophils (Hemler et al. 1987;
Berlin et al. 1995) but probably not on neutrophils in levels functionally impor-
tant for cell adhesion. The eosinophil recruitment accompanying the late, de-
layed-type hypersensitivity reaction which followed chemoattractant-induced
cell recruitment to mouse skin sites was found to be inhibited by an anti-a,-in-
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tegrin mAb (Teixeira and Hellewell 1998), as was eosinophil but not neutrophil
adhesion to stimulated HUVECs (Walsh et al. 1991), illustrating the importance
of this pathway in eosinophil accumulation and adhesion. Sensitised mice defi-
cient in VCAM-1 have been shown to lack eosinophils in BAL fluid, as well as
having reduced numbers of BAL lymphocytes, following ovalbumin challenge,
effects which were also observed in ICAM-1-deficient mice (Gonzalo et al.
1996).

Of granulocytes, it is interesting to note that neutrophils, which are strongly
involved early on in inflammation and host defence should be preferentially re-
cruited via the adhesion pathway which is enabled most rapidly, the transloca-
tion of pre-formed P-selectin. Conversely, eosinophils, which are heavily impli-
cated in the later, ongoing damage associated with diseases such as bronchial
asthma, are preferentially recruited through a mechanism which relies on the
much slower process of VCAM-1 upregulation.

PECAM-1 is expressed on endothelial cells, platelets, neutrophils and some
mononuclear cells (reviewed by Newman 1997). It is thought to be involved in
the transmigration of cells, as large numbers of this molecule are expressed con-
stitutively at intercellular junctions of the endothelium. However, it has been
suggested that the primary role of PECAM-1 may be as an inhibitory protein
rather than an intercellular adhesion molecule, due the presence of cytoplasmic
motifs which inhibit tyrosine kinase-mediated cellular processes (Newman
1999). Based upon this evidence, Newman proposes that PECAM-1 may have
been wrongly classified as an IgSF adhesion molecule, and in fact belongs to a
class of molecules now known as the Ig-ITIM (immunoreceptor tyrosine-based
inhibitory motif) family. PECAM-1 is able to interact with PECAM-1 molecules
on other cells (Albelda et al. 1991), a mechanism which becomes predominant
as more PECAM-1 molecules are expressed on the cell surface (Sun et al. 1996),
although additional, integrin-dependent interactions may be involved also.
Moreover, it is known that PECAM-1 molecules are shed from the surface of
activated neutrophils, along with L-selectin, as integrin adhesion molecules be-
come upregulated (Wang et al. 1998).

MAdCAM is an adhesion molecule which is involved in the recirculation of
lymphocytes. It is known to be an endothelial ligand for L-selectin which medi-
ates lymphocyte rolling on lymph nodes (Berg et al. 1993). MAACAM also inter-
acts with the lymphocyte integrin a,f3;, facilitating the adhesion of these cells to
Peyer’s patches and is thought to be required for mucosal lymphocyte homing
(Hamann et al. 1994.)

23
Integrins

The leucocyte f,-integrins, lymphocyte function-related antigen (LFA-1), mac-
rophage-1 (Mac-1), p150,95 and CD11d/CD18 are characterised by a common
B-subunit (CD18), associated non-covalently with the a-subunits CDlla,
CD11b, CD11c and CD11d, respectively. All three o-subunits include a cation-
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binding region, which is likely to be related to the cation-dependent nature of
the adhesion process in general, as the engagement of these molecules with their
counterligands is essential for the firm adherence of leucocytes to endothelium.
The crucial importance of the f,-integrins in inflammatory cell trafficking is il-
lustrated by the lack of adequate host defence in patients suffering from the rare
abnormality known as leucocyte adhesion deficiency (LAD)-1, where the CD18
molecule is either absent or dysfunctional (Crowley et al. 1980).

CD11a/CD18 is expressed constitutively by all leucocyte types (Smith et al.
1988). The number of molecules of CD11a/CD18 expressed does not increase in
response to cytokines or chemoattractants (Carlos and Harlan 1990). However,
T cell receptor cross-linkage leads to a functional upregulation of the molecule,
whereby avidity for ICAM-1 and ICAM-2 is increased via a conformational
alteration to the B,-subunit (Dustin and Springer 1989; Diamond et al. 1991).
This event is pivotal in T lymphocyte functions (Larson and Springer 1990).

CD11b/CD18 is expressed constitutively on the surface of granulocytes and
monocytes, and is additionally present in granules of neutrophils and when the
cell is activated by inflammatory mediators, additional molecules are translocat-
ed to the surface of the neutrophil. A functional upregulation also occurs and it
is this latter element which appears to contribute most significantly to the in-
creased adhesiveness of the leucocyte, as inhibition of quantitative upregulation
of CD11b/CD18 does not prevent neutrophil adhesion to endothelial cells
(Vedder and Harlan 1988).

Unlike CD11a/CD18, CD11b/CD18 does not bind to ICAM-2, and effects neu-
trophil adhesion and extravasation through binding to ICAM-1. As well as being
essential for firm adhesion of neutrophils to endothelium, CD11b/CD18 is re-
quired for neutrophil adhesion to and migration across surface adherent activat-
ed platelets (Diacovo et al. 1996b) and is involved in homotypic leucocyte-
leucocyte interactions and neutrophil-platelet interactions (Brown et al. 1998).
The results of a recent study indicate that additional ligands for CD11b/CD18,
aside from ICAM-1, are present on endothelium in that CD11b/CD18-dependent
transendothelial migration of neutrophils, i.e. that which occurred in the pres-
ence of a mAb to CD11a/CD18, persisted in the presence of mAb to both ICAM-
1 and ICAM-2 (Issekutz et al. 1999). Mice have been generated which are defi-
cient in CD11b/CD18 but which express CD11a/CD18 normally, through selec-
tive disruption of CD11b. These animals were found to retain the ability to re-
cruit neutrophils to the peritoneal cavity, a process which was found to be more
dependent upon CD11a/CD18, given that 78% of the neutrophil recruitment
seen in the mutant mice could be blocked by a mAb to CD1la. In the same
study, neutrophils from CD11b-deficient mice did, however, display impaired
adhesion, aggregation, phagocytosis and degranulation; suggesting that both
molecules are necessary for a complete range of normal neutrophil functions
(Lu et al. 1997).

CD11¢/CD18 is constitutively expressed on the surface of granulocytes and
monocytes. This molecule will support adhesion of activated endothelial cells
but not resting endothelial cells to a CD11c/CD18-coated surface (Stacker and
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Springer 1991). CD11d/CD18 is a further B,-integrin produced by granulocytes.
The gene which encodes the CD11d a-subunit is located very close to that for
CDllc, a determinant which is thought to be involved in the fact that expression
of CD11d on granulocytes is repressed during upregulation of CD11c expres-
sion, which occurs during cell differentiation (Shelley et al. 1998).

Of the f;-integrins, VLA-4 (a4f3) is the most extensively studied and is of
particular relevance to allergic lung disease, due to its expression on eosinophils
and established role in the adhesion and trafficking of this leucocyte type
(Reviewed by Wardlaw 2001). This molecule is functionally regulated on eosino-
phils by mediators such as the chemokines RANTES and macrophage inflam-
matory protein (MIP)-15 (Weber et al. 1996) and, in addition to its direct in-
volvement in eosinophil recruitment, has been found to possess a role in mast
cell degranulation (Hojo et al. 1998) and also in lymphocyte recirculation
(Berlin-Rufenach et al. 1999). The most important known ligand of VLA-4, of
relevance to leucocyte-endothelial adhesion, is VCAM-1, although fibronectin
binding is also involved in the biology of this molecule (Pulido et al. 1991).
Furthermore, VLA-4-dependent leucocyte-endothelial interactions have been
shown to occur, in a model of chronic inflammation, via a mechanism indepen-
dent of both VCAM-1 and the established binding sequence (CS-1) of fibronec-
tin (Johnston et al. 2000). VLA-4, previously thought not to be expressed by
neutrophils, has now been demonstrated on these cells, and a possible role in
their activity has been suggested (Issekutz et al. 1996; Davenpeck et al. 1998;
Johnston and Kubes 1999; Burns et al. 2001). However, other pathways, includ-
ing those mediated by B,-integrins, would appear to be more heavily involved
in neutrophil-endothelial adhesion (McNulty et al. 1999; Tasaka et al. 2002). By
contrast, the importance of the VLA-4 adhesion pathway in eosinophil adhesion
has been well established in a range of in vitro and animal studies employing
blocking antibodies to this adhesion molecule, suggesting that targeting of this
molecule or its ligand(s) may confer some specificity in the type of leucocyte
recruitment inhibited in the setting of allergic inflammatory disease.

3
The Potential of Adhesion Molecule Inhibitors in Inflammation

Inhibition of leucocyte adhesion has long been considered an attractive target
for the treatment of inflammatory disease and, as can be seen, there is a wide
variety of processes within this phenomenon, inhibition of which could poten-
tially yield clinical benefit. Obvious approaches include strategies that limit the
expression or activation of adhesion molecules on endothelial cells and/or leu-
cocytes, or inhibition of the function of these molecules once present, with syn-
thetic inhibitors, monoclonal antibodies, or analogues of endogenous inhibitors
or receptors, including soluble adhesion molecules. Differences in the adhesion
pathways utilised by individual leucocyte types could allow the design of drugs
that target the trafficking of specific cells, relevant to individual diseases. Alter-
natively, a more general approach could be taken whereby weaker, non-specific
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inhibition of several adhesion pathways concurrently could result in an overall
attenuation of the inflammatory response. Several classes of drugs currently
used in the clinic are known to affect cell adhesion molecule expression general-
ly, to a varying extent, and these effects might be involved in their overall anti-
inflammatory efficacy. These include, non-exhaustively, the glucocorticos-
teroids, certain second and third generation antihistamines, inhibitors of phos-
phodiesterase enzymes and statins. The statins present a promising area for the
discovery of inhibitors of cell adhesion, as this class of drugs has been found to
possess anti-inflammatory properties that may be attributed to effects on as-
pects of the process of cell recruitment (reviewed by Weitz-Schmidt 2002).
These include inhibition of selectin and integrin expression and function, as
well as chemokine and cytokine production by both endothelial cells and leuco-
cytes. Another drug with a range of non-specific actions on cell adhesion is hep-
arin, which inhibits the activity of an array of pro-inflammatory mediators and
chemokines, as well as directly binding and inhibiting the function of L- and
P-selectin, CD11b/CD18 and PECAM-1 (reviewed by Tyrrell et al. 1999; Lever
and Page 2002). Drugs such as heparin or the statins, whilst in their current
form possessing general anti-inflammatory properties which may depend on in-
hibition of adhesion molecule function but which are likely due also to indirect
modulation of their expression, could be used as templates for the design of
specific adhesion molecule inhibitors, based on their adhesion molecule-bind-
ing properties, an example being the statin-derived LFA-1 (CD11a/CD18) inhib-
itor LFA703.

The leucocyte adhesion deficiencies are rare, inherited disorders in which
specific types of adhesion molecule are either absent or dysfunctional and which
result in severe sepsis, morbidity and usually premature death. LAD-1 patients
are unable to produce functional B,-integrins (Crowley et al. 1980), LAD-2 pa-
tients have a deficiency in carbohydrate synthesis that ultimately prevents effec-
tive selectin function (Etzioni et al. 1993; Bevilacqua et al. 1994; Phillips et al.
1995; Karsan et al. 1998; Sturla et al. 1998) and, recently, a novel form of LAD
was described in which both §;- and B,-integrins are dysfunctional (McDowall
et al. 2003). These conditions illustrate the importance of the respective adhe-
sion molecules in normal physiology and, in themselves, act as a caveat to over-
efficient inhibition of adhesion molecule function and should be borne in mind
in the design of therapeutic strategies in this area.

4
Adhesion Molecule Inhibitors in Clinical Disease

A mAb against ICAM-1 was tested in a small, open-label trial in patients with
rheumatoid arthritis. Inhibitory effects on lymphocyte recirculation were noted
(peripheral lymphocytosis, transient cutaneous anergy). Approximately half of
the patients derived clinical benefit and side effects were short-lived, the anti-
body otherwise being well tolerated (Kavanaugh et al. 1994). A second trial
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by the same group in early rheumatoid arthritis produced similar results
(Kavanaugh et al. 1996).

However, a randomised, placebo-controlled trial of the anti-ICAM-1 mAb
(enlimomab) for prevention of renal allograft rejection found no significant ef-
fect of the antibody (Wramner et al. 1999). The most serious and in some cases
fatal side effect was infection, although no statistically significant difference in
incidence was observed between treatment and control group.

Following positive results in reducing inflammatory post-ischaemic brain
damage in animal models of stroke (e.g. Bowes et al. 1993; Zhang et al. 1995),
the anti-ICAM-1 mAb enlimomab was assessed, in a multicentre study, in hu-
man stroke for an effect on post-ischaemic damage, due to reperfusion injury.
The treatment group was found to have a significantly worse clinical outcome
than the placebo group (enlimomab acute stroke trial investigators 2001). A
subsequent study, carried out to investigate this discrepancy between pre-clini-
cal and clinical outcome, reported that in rats treated with an anti-rat-ICAM-1
mAb that was raised in mice, significant blood leucocyte activation, comple-
ment activation and upregulation of other adhesion molecules, such as E- and
P-selectin, occurred acutely and, upon repeated administration, anti-mouse an-
tibodies were produced. The authors conclude that these effects would have out-
weighed any useful effect of ICAM-1 inhibition and postulate that similar prob-
lems may have occurred with the mouse anti-human antibody, enlimomab, in
the clinical trial (Furuya et al. 2001).

Indeed, in vitro, enlimomab was found to enhance complement-dependent
activation of neutrophils in human whole blood, as measured by oxidative burst,
CD11b upregulation and L-selectin shedding (Vuorte et al. 1999). These effects
were not seen with an IgG; type Ab (enlimomab is a mouse-antihuman IgG,,
antibody).

Pre-clinical studies in models of myocardial ischaemia-reperfusion injury
have indicated a potential role for CD11/CD18 blockade in improving clinical
outcome post-infarction (e.g. Ma et al. 1991; Aversano et al. 1995). Therefore, in
a randomised, double-blind multicentre trial, the anti-CD11/CD18 mAb
(LeukArrest) was tested—in myocardial infarction patients undergoing percuta-
neous transluminal coronary angioplasty—for its effect in reducing neutrophil-
mediated post-ischaemic, reperfusion injury. No significant differences between
study groups were observed, although it should be noted that this trial was de-
signed primarily as a tolerability, rather than efficacy, study (Rusnak et al.
2001). It is of interest and of clear pertinence to the present article, however,
that although the antibody was found to be well tolerated in the above study, a
single adverse outcome of pneumonia in the treatment group was noted in a
smoker with an 8-month history of cough.

A monoclonal antibody, HUEP5C7, which reacts with the human forms of
both E- and P-selectin (He et al. 1998), has recently been reported, in a primate
model of stroke, to reduce neutrophil accumulation, infarct size and post-isch-
aemic symptoms without causing complement activation or immunosuppres-
sion (Mocco et al. 2002).
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In a small clinical trial, a mouse anti-human-E-selectin mAb (CY1787) was
found to be effective and well tolerated as an adjunct in the management of sep-
tic shock, although anti-mouse antibodies were produced by the majority of pa-
tients (Friedman et al. 1996).

An humanised mAb to E-selectin (CDP850) was recently assessed in a ran-
domised, placebo-controlled multicentre trial for its effects in moderate to se-
vere psoriasis. Although the antibody was well tolerated and E-selectin levels in
plasma and on skin biopsy vascular endothelium were significantly attenuated,
the latter being maintained for 4 weeks post-treatment, no reduction in dermal
neutrophil or lymphocyte accumulation was observed, nor any reduction in
clinical severity (Bhushan et al. 2002).

Small molecule inhibitors of E-selectin are in development. TBC1269 is based
upon the structure of the ligand sialyl di-Lewis* (Kogan et al. 1998) and has
been shown to inhibit neutrophil accumulation in the lung, during acute
Mannheimia haemolytica pneumonia, in newborn calves (Radi et al. 2002).
A-205804 inhibits the expression of both E-selectin and ICAM-1, without signif-
icant effect on VCAM-1 and has been found to reduce inflammation in animal
models of lung and joint inflammation (Zhu et al. 2001).

The development of inhibitors of VLA-4 has been the subject of much interest
over recent years. A humanised anti-a4 mAb, HP1/2, was demonstrated to in-
hibit the antigen-induced late-phase response and bronchial hyperresponsive-
ness in allergic sheep (Abraham et al. 1994), and another humanised anti-a4
mAb (Antegren) is in phase III clinical trial for inflammatory bowel disease (re-
viewed by Van Assche and Rutgeerts 2002). Various peptide antagonists, based
structurally on the VLA-4-binding sites of VCAM-1, fibronectin and anti-a4 an-
tibodies, respectively, have been developed (reviewed by Lin and Castro 1998).
One such inhibitor, BIO-1211, based on the CS-1 sequence of fibronectin, ex-
hibits 200-fold selectivity for the active form of VLA-4 and shows effect against
antigen-induced early and late-phase reactions and airways hyperresponsive-
ness in allergic sheep (Lin et al. 1999).

Novel statin derivatives are being investigated as new anti-inflammatory
agents, for example, the LFA-1 (CD11a/CD18) inhibitor LFA703. This molecule
lacks the HMG-CoA reductase inhibitory activity of the statins, their mode of
action in reducing cholesterol synthesis, yet binds and inhibits the function of
the universal leucocyte integrin LFA-1 (Weitz-Schmidt et al. 2001), whereas ef-
fects of statins on cytokine and adhesion molecule synthesis and expression are
thought to depend on HMG-CoA reductase inhibition.

The majority of information available on the clinical and adverse effects of
specific adhesion molecule inhibition comes from trials aimed to assess their ef-
fects in post-ischaemic inflammation, such as that following stroke or myocar-
dial infarction. Whilst these data are clearly useful, it may not be possible to ex-
trapolate these findings to the setting of asthma or chronic obstructive pulmo-
nary disease (COPD), where inflammatory mechanisms may differ with respect
to cell type and time course. Furthermore, whereas side effects of a relatively
acute treatment aimed to improve outcome following stroke may be either ab-



Inhibitors of Leucocyte—Endothelial Adhesion as Potential Treatments for Respiratory Disease 261

sent or acceptable, adverse effects of such treatments when administered over
longer periods of time, as would be required for the treatment of chronic in-
flammation, require both further investigation and due consideration on a risk-
to-benefit basis.

5
Discussion

There is a clear rationale for the inhibition of excessive leucocyte recruitment in
the airways in diseases such as asthma and COPD. However, a balance must be
found that allows prevention of unwanted cell recruitment with maintenance of
host defence. This is particularly important in a disease such as COPD which,
whilst known to involve chronic neutrophil infiltration and neutrophil-depen-
dent tissue damage, is also characterised by persistent respiratory infection.
This balance might be achieved by targeting of specific adhesion mechanisms,
for example, those involved in the eosinophil accumulation typical of asthma,
whilst sparing those involved in neutrophil recruitment. However, leucocyte
and endothelial adhesion molecules act in concert, with much overlap between
the different pathways and, therefore, the reality is unlikely to be so clear-cut.
Alternatively, a greater understanding of endogenous mechanisms in place for
limitation of leucocyte-endothelial adhesion (reviewed by Perretti 1997) may al-
low design of drugs that inhibit cell trafficking associated with chronic inflam-
mation whilst allowing an adequate response to trauma or infection to be
mounted.
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Abstract Atopic diseases have been increasing in prevalence over the last few
years and are becoming common causes of chronic health problems for patients
of all ages. Current pharmacological treatments are targeted for symptom relief
(antihistamines, decongestants, S-adrenergic agents, etc.) or for reduction of
allergic inflammation (corticosteroids, leukotriene modifiers, etc.). The develop-
ment of new therapies to treat allergic disease is now progressing into new areas
of immune modulation such as regulating the allergic inflammatory response at
the level of IgE (anti-IgE and anti-CD23) and inducing immunologic tolerance
by shifting from the T helper (Th)2 to Th1 phenotype (DNA vaccines). IgE plays
a central role in the allergic inflammatory process; therefore, blocking the ef-
fects of IgE should be beneficial in the treatment of allergic diseases. At this
time, a recombinant humanized monoclonal anti-IgE antibody has been synthe-
sized that does not cause IgE receptor crosslinking on mast cells leading to de-
granulation or immune complex deposition. Studies have been done to evaluate
the effectiveness of anti-IgE in the treatment of allergic rhinitis and allergic
asthma. One of the most significant endpoints of benefit was the ability to
reduce the corticosteroid dose for moderate-to-severe allergic asthmatics. An-
other possible approach to reduce the effect of IgE in the inflammatory process
would be to block CD23 (low-affinity IgE receptor, FceRII), which plays a role in
IgE synthesis and triggers the release of inflammatory cytokines. Little is known
about the effectiveness of anti-CD23, but preliminary studies suggest it is safe.
The use of immunostimulatory DNA to provoke a Thl phenotype has been an
impetus for the development of DNA vaccines in the treatment of allergic dis-
ease. Various combinations of plasmid DNA, immunostimulatory oligodeoxynu-
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cleotide (ISS-ODN), and proteins have been studied in murine models to evalu-
ate the effectiveness of DNA vaccination. The success in skewing the immune re-
sponse towards a Thl phenotype in mice still needs to be evaluated in humans.
The use of DNA vaccination as a treatment for allergic disease remains a viable
option for the future; however, at this time further evaluation is needed includ-
ing concerns regarding the possible unmasking or development of Thl diseases
(lupus, rheumatoid arthritis, inflammatory bowel disease).

Keywords Anti-IgE - Anti-CD23 - DNA vaccine - Plasmid DNA -
Immunostimulatory oligodeoxynucleotide (ISS-ODN) - CpG motifs

The development of new therapies to treat allergic disease, including asthma,
rhinitis, and food allergy, has progressed into new areas of immune modulation.
In this chapter, we will examine three new therapeutic approaches to allergic
disease. We will first examine anti-IgE, which has been shown in human trials
to be particularly helpful for asthmatics through its corticosteroid-sparing ef-
fects. We will also discuss anti-CD23 and DNA vaccines, which have been exam-
ined in murine models.

1
Anti-IgE and Anti-CD23 as Therapy for Allergic Disease

Atopic diseases such as allergic rhinitis, asthma, and atopic dermatitis have had
increasing prevalences in recent years, especially in western societies. In fact, al-
lergic diseases are a most common cause of chronic health problems for patients
of all ages. The cornerstone of atopic disease is the underlying allergic reaction
and subsequent inflammation, which may affect a variety of target organs in-
cluding the skin, eyes, nasal mucosa, and airways. Even though the mechanisms
of specific target organ involvement remain unknown, much has been learned
about the pathophysiology of the allergic inflammatory process in recent years.
Allergic inflammation includes an immediate hypersensitivity reaction which
follows allergen exposure and, in certain circumstances, a late-phase reaction
peaking 6-9 h after exposure. IgE plays a central role in the onset of immediate
hypersensitivity reactions and has a less well-established role in the late-phase
reactions. Mast cell degranulation with release of vasoactive mediators such as
histamine, tryptase, prostaglandins, and cysteinyl leukotrienes is an essential
component in immediate reactions. Allergen-specific IgE is bound to mast cells
via the high-affinity IgE receptor (FceRI). Once the bound IgE is crosslinked by
the specific allergen, mast cell degranulation occurs, and the inflammatory pro-
cess is initiated. IgE is also bound to other cell types including activated B cells,
macrophages and monocytes via the low-affinity IgE receptor (FceRII or CD23).
CD23 is thought to be involved in the allergic inflammatory process by possibly
triggering the release of monocyte cytokines and also by the regulation of IgE
synthesis. When considering possibilities for new antiallergic drugs, it is critical
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to keep the underlying inflammatory process, which is a target for therapy, in
mind. Blocking IgE and its effect in inflammation is an obvious target for new
medications. Current investigations are evaluating the effectiveness of anti-IgE
and anti-CD23 molecules for the treatment of allergic diseases.

Considering that IgE plays an essential role in allergic inflammation and se-
rum IgE levels have been correlated with airway hyperresponsiveness (Sunyer et
al. 1995; Burrows et al. 1989), blocking the effects of IgE could potentially be
useful and effective in treating atopic diseases such as allergic asthma. One ap-
proach to accomplish this goal is with the use of a monoclonal antibody to IgE.
An important aspect of any new medication is safety. When IgE bound to mast
cells via the FceRI becomes crosslinked, mast cell degranulation occurs, and the
immediate hypersensitivity reaction is initiated. To prevent crosslinking in-
duced by the anti-IgE antibody, the anti-IgE molecule was designed to bind to
free IgE. To accomplish this, a murine anti-IgE antibody was developed which
binds the same portion of the IgE molecule that attaches to the FceRI (Chang et
al. 1990; Presta et al. 1994). Due to the nonhuman nature of the anti-IgE anti-
body, another safety issue included the induction of immune responses in hu-
man patients (Shawler et al. 1985). To avoid the induction of these immune re-
sponses, the antibody was humanized by grafting the antigen-binding loop of
the murine anti-IgE onto human IgGl, resulting in a recombinant humanized
monoclonal anti-IgE antibody (Presta et al. 1993) (Fig. 1). Considering that the
anti-IgE antibody binds to free IgE, another safety issue to consider is the possi-
bility of immune complex deposition. It has been shown that anti-IgE binds
with IgE to form complexes of tetramers to hexamers with the largest complex
approximating 1x10° Da, which are too small to fix complement or cause im-
mune complex reactions (Fox et al. 1996).

Fig. 1 Mouse monoclonal anti-IgE was humanized by exchanging most of the molecule with human
IgG1 in order to reduce the risk of immune response to foreign protein. (From Lotvall et al. 1999)
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Because IgE plays a central role in the allergic inflammatory process, the pro-
spect of using an anti-IgE molecule for therapy has brought about much inter-
est. Several studies have evaluated the effectiveness of using a recombinant
humanized monoclonal antibody to IgE (thuMADb-E25) for the treatment of
allergic diseases. Currently, most studies have looked at atopic diseases of the
airway such as allergic rhinitis and allergic asthma.

One study evaluated patients with ragweed-induced allergic rhinitis. Anti-IgE
lowered free IgE levels in a dose-dependent fashion and did not induce antibod-
ies to the anti-IgE molecule or cause any severe adverse reactions. In this study,
there were no statistical differences in the symptom scores between the treat-
ment and the placebo groups (Casale et al. 1997). Another study evaluated pa-
tients with birch-pollen-induced allergic rhinitis. Free IgE levels were signifi-
cantly decreased, and there was no immune complex formation or other serious
adverse reactions. In this study, there was, however, clinical benefit for the treat-
ment group with significantly lower nasal symptom scores, lower numbers of
rescue antihistamine use, lower proportion of any rhinitis medication use and
higher scores on the quality-of-life surveys (Adelroth et al. 2000).

Studies have also evaluated the use of an anti-IgE molecule for the treatment
of allergic asthma. Allergic asthmatic subjects treated with rhuMAb-E25 were
compared to those receiving a placebo with endpoints of effect being the aller-
gen PCI5 [provocation concentration of allergen causing a 15% decrease in
forced expiratory volume in 1 s (FEV;)] and the methacholine PC20. For the
anti-IgE treatment group, the allergen PC15 dose increased and the methacho-
line PC20 improved. There was no change in the methacholine PC20 in the pla-
cebo group (Boulet et al. 1997). Another study also found that allergic asthmatic
subjects treated with rhuMAb-E25 required higher doses of allergen to cause an
early-phase response and had a decrease in the severity of the fall of the FEV; in
both the early and late phases compared to those patients treated with placebo
(Fahy et al. 1997). A clinical trial evaluating rhuMAb-E25 (high and low dose)
for the treatment of moderate to severe allergic asthma showed improvements
in outcome measures such as symptom scores, use of -agonists, peak expirato-
ry flow rate, quality-of-life scores and dose of inhaled and oral steroids when
compared to a placebo group. One of the most significant endpoints of benefit
was the ability to reduce the corticosteroid dose in the anti-IgE treatment group.
Oral corticosteroid use was reduced by 50% in the high-dose group, 65% in the
low-dose group, and 0% in the placebo group. The inhaled corticosteroid dose
was reduced by at least 50% in 51% of the high-dose group, 49% of the low-dose
group, but only 38% in the placebo group (Fig. 2) (Milgrom et al. 1999).

Another possible approach to modify the effect of IgE in the allergic inflam-
matory process would be to block the low-affinity IgE receptor (CD23 or
FceRII). A monoclonal antibody against CD23 has been developed. Although ex-
perience with anti-CD23 is limited, murine models of asthma have shown de-
creased lung eosinophils and airway hyperresponsiveness following administra-
tion of anti-CD23 (Cernadas et al. 1999; Dasic et al. 1999; Haczku et al. 2000).
One investigation, currently in press (Rossenwasser et al., in press), was de-
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Fig. 2 Milgrom et al. (1999) found that daily oral corticosteroid dose was reduced by at least 50% in a
significantly higher percentage of patients receiving anti-IgE compared to those receiving placebo (A).
The percentage of patients in each group able to discontinue corticosteroids is presented in B

signed to evaluate the safety, pharmacokinetic profile and clinical activity of an
anti-CD23 antibody in patients with mild to moderate persistent asthma in a
single-dose, dose-escalating, placebo-controlled study. In this study, the anti-
CD23 molecule was well tolerated with no serious adverse reactions noted. The
Cinax Was proportional to the dose administered, and the serum half-life ranged
from 2 to 10 h, depending on the dose given. There was also a dose-dependent
decrease in mean IgE levels with administration of anti-CD23. There was no
change in FEV), and there were no improvements in asthma or rhinitis symp-
tom-free days, number of nighttime awakenings, or use of fB-agonists. This
study was not designed to evaluate efficacy. Nonetheless, considering the dose-
dependent decrease in IgE, there may be improved clinical improvement noted
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with multiple doses of anti-CD23 or in the treatment of more severe allergic
asthmatic subjects.

The use of anti-IgE and anti-CD23 to modulate IgE and its effects in the aller-
gic inflammatory process is being evaluated as new antiallergic medications.
Anti-IgE has been shown to be safe with no serious adverse effects and to have
corticosteroid-sparing effects when used for allergic asthmatics. Work still
needs to be completed to determine the appropriate positioning of this new
medication in the management and treatment of atopic patients. Anti-CD23 has
been studied in allergic diseases, with preliminary observations suggesting this
approach is also safe. Further studies, however, are needed to evaluate the effica-
cy of this approach for atopic diseases. The possibility of using these new im-
mune-modulating medications has begun to focus on the underlying allergic in-
flammation and is a very exciting approach which may offer new therapies not
only for allergic rhinitis and asthma but also for other atopic diseases such as
food allergies and stinging insect allergy.

2
DNA Vaccines as Therapy for Allergic Disease

The concept of DNA vaccines as treatment for allergic diseases has its origins
both in conventional immunotherapy and the “hygiene hypothesis” of atopic
diseases. Immunotherapy has been used as treatment for allergic diseases for
over a century including treatment for allergic rhinitis and stinging insect aller-
gy and less successfully for allergic asthma. Immunotherapy for food allergy, in
fact, is contraindicated, as it has been associated with life-threatening anaphy-
lactic reactions. Moreover, its success in the treatment of seasonal rhinitis has
been tempered by the risk of life-threatening anaphylaxis. Because of the poten-
tial risk involved in conventional immunotherapy, coupled with the limited suc-
cess of immunotherapy in allergic asthma and food allergy, therapy that may
result in immunologic tolerance and a shift from the T helper (Th)2 to Thl phe-
notype would be of potential importance.

In addition, the “hygiene hypothesis,” although still theoretical, purports that
the increasing rates of allergic disease in the developed world result, in part,
from the improved sanitation and increasing immunizations to reduce child-
hood illnesses. In westernized countries, the incidence of atopic disorders is
higher than in other areas of the world, for example, in former West Germany
compared with East Germany (von Mutius et al. 1994) and Sweden compared
with the Baltic states (Braback et al. 1994). It has also been shown that in sub-
jects with a positive purified protein derivative (PPD) skin test (Sirakawa et al.
1997), as well as those who have had measles (Shaheen et al. 1996) and hepatitis
A (Matricardi et al. 1997), there was a decreased incidence of atopic disease. In
addition, children with frequent viral upper respiratory tract infections early in
life had a reduced risk of asthma through school age (Illi et al. 2001). Other
studies, however, have found contradictory results. For example, Paunio et al.
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(2001) reported higher incidence of atopic disease in children who had been in-
fected with measles, compared with their uninfected (vaccinated) counterparts.

The use of immunostimulatory DNA to provoke a Thl phenotype has been
an impetus for the development of DNA vaccines. Vaccine development has in-
cluded the use of DNA plasmids that can induce both cellular and humoral im-
munity to viruses, parasites, bacteria, and tumors. These vaccines consist of a
plasmid DNA backbone containing an antigen-encoding gene. In addition to the
use of DNA vaccines in infectious disease prevention, there is also evidence for
their use as treatment for allergic disease. Plasmid DNA has been shown to in-
duce a Th1 immune response in mice, compared with those injected with alum
(Raz et al. 1996). In mice treated with the plasmid, there was induction of IgG2a
and increased interferon (IFN)-p, compared with the alum-treated mice who
had increased IgGl, IgE, interleukin (IL)-4 and IL-5.

In addition to plasmid DNA evoking a Thl response, other studies have
shown that immunostimulatory DNA sequences increase plasmid vaccine
immunogenicity. These CpG motifs (also known as immunostimulatory
oligodeoxynucleotide, ISS-ODN) consist of unmethylated CpG dinucleotides
flanked by two 5 purines and two 3’ pyrimidines. CpG repeats are more com-
mon in microbial DNA compared with mammalian. When found in mammalian
DNA, these repeats are more frequently methylated, rendering them less immu-
nogenic. The unmethylated CpG motifs promote the development of a Thl-like
response eliciting several cytokines including IL-12, IL-18, IFN-y (Klinman et
al. 1996), IFN-qa, IFN-8, IL-6 and IL-10. Costimulatory molecules are also in-
duced by CpG motifs, as are natural killer (NK) cells and antigen-presenting
cells. B cell activation, proliferation, and antibody secretion are also enhanced
by these motifs (Krieg et al. 1995; Liang et al. 1996).

Various combinations of plasmid DNA, ISS-ODN, and proteins have been
studied to evaluate the effectiveness of DNA vaccination. The combinations in-
clude: plasmid alone, ISS-ODN alone, and a combination of protein allergen
plus ISS-ODN (either mixed together or covalently linked).

2.1
I1SS-ODN Vaccination

Plasmids containing 1SS-ODN, as well as naked ISS-ODN alone, have been ex-
amined as potential nonspecific therapies to induce a Thl response. B cell pro-
duction of IL-6 and IL-12 is enhanced in mice by the addition of ISS-ODN
(Klinman et al. 1996). In addition, the same mice had increased CD4 T cell pro-
duction of IL-6 and IFN-y, in vivo and in vitro, along with increased NK cell
production of IFN-y. This initial study prompted further evaluation of CpG re-
peats on the immune response.

To define the effect of ISS-ODN on human cells, cultured peripheral blood
mononuclear cells (PBMCs) from both allergic and nonallergic individuals were
incubated with the immunostimulatory sequences (Bohle et al. 1999). Compared
with PBMCs from nonallergic subjects, mononuclear cells from allergic patients
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produced more IEN-y in the presence of ISS-ODN. NK cells appeared to be the
main source of this IFN-y. In addition, mRNA encoding IL-12 and IL-18 was in-
creased in PBMCs treated with ISS-ODN. Also, in PBMCs from allergic subjects,
IgG and IgM to allergens to which the subjects were allergic increased after
treatment with ISS-ODN, while specific IgE production was unchanged, but total
IgE was reduced. Other cytokines induced by ISS-ODN include tumor necrosis
factor (TNF)-a and IL-16 (Sparwasser et al. 1998). Allergen-induced airway re-
sponsiveness was decreased in mice pretreated with ISS-ODN, along with de-
creased eosinophilia in the airway, lung parenchyma and blood (Broide et al.
1998). In this study, mice treated with ISS-ODN and mice treated with corticos-
teroids both had decreased IL-5 production, but only those treated with ISS-
ODN had induction of IFN-y that was allergen (ragweed) specific.

Immunostimulatory DNA sequences also potentiate the expression of costim-
ulatory molecules, including B7-2 and CD40 on macrophages and dendritic
cells (Martin-Orozco et al 1998; Sparwasser et al 1998), B7-1 on macrophages
(Martin-Orozco et al. 1998; Sparwasser et al. 1998), major histocompatibility
complex (MHC) I and II molecules, and IFN-y receptor and IL-2 receptors as
well.

The skewing of immunity to a Th1 phenotype by ISS-ODN both for cytokine
and immunoglobulin profiles was also shown to “pre-prime” the immune sys-
tem prior to allergen sensitization (Kobayashi et al. 1999). In this study, mice
were immunized with ISS-ODN intradermally and then received an injection of
B-galactosidase (B-gal) up to 28 days after the ISS-ODN immunization. Mice
immunized intradermally with ISS-ODN for up to 2 weeks before f-gal injection
had increased anti-$-gal IgG2a, IFN-y production and cytotoxic T cell activity
against f-gal. In another mouse model, an asthma-like phenotype was prevent-
ed along with decreased antigen-specific IgE and increased IFN-p/IL-4 ratio in
mice pretreated with ISS-ODN (Sur et al. 1998). The effects noted were present
for 6 weeks after treatment. These data suggest that ISS-ODN can induce a Thl
phenotype prior to allergen exposure.

It appears that even without the presence of allergen, CpG motifs can induce
a Thl phenotype in multiple cell types including B cells, antigen-presenting cells
(macrophages, dendritic cells), T cells, and NK cells. The expression of Thl cy-
tokines along with an upregulation of costimulatory molecules on these cells
underscores the importance of ISS-ODN in Thl and innate immune responses.
The persistence of a Thl response after antigen challenge in sensitized mice is
encouraging as potential therapy for allergic disease.

2.2
Plasmid Vaccination

In addition to vaccination with ISS-ODN, other methods have been evaluated to
modulate the immune system. Inoculation with plasmid vectors containing
allergen-encoding genes of interest is another potential therapy in the DNA
vaccine armamentarium. In this approach to therapy, DNA sequences specific
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for allergens are integrated into plasmids. This DNA is then translated into pro-
tein within cells and presented on class I MHC. Additionally, ISS-ODN may also
be encoded on the plasmid, leading to further immunomodulation.

In one study of this type of therapy, the DNA sequence encoding the latex al-
lergen, Hev b 5, was cloned into a plasmid and then injected into mice. Mice in-
jected with the plasmid containing sense cDNA developed IgM, IgGl, and 1gG2
to Hev b 5 (Slater et al. 1998). The elevated IgG responses continued beyond
100 days. Splenocytes from mice immunized with the sense cDNA proliferated
in the presence of Hev b 5/maltose-binding protein (MBP). IFN-y was induced
from the same splenocytes in the presence of Hev b 5/MBP, and IL-4 secretion
was diminished. In addition, Hev b 5 RNA was detected at the injection sites,
lymph nodes, and spleens of mice injected with the plasmid. Control mice in-
jected with antisense Hev b 5 cDNA did not show any of these effects.

Mice were also immunized with plasmid DNA encoding the five classes of
murine T cell epitopes on Der p 1 and Der p 2 three times each, 1 week apart
(Kwon and Yoo 2001). The mice were then sensitized to Der p extracts and
then challenged intranasally. The vaccinated mice had significantly reduced Der
p-specific IgE, compared with controls vaccinated with empty plasmid. Vacci-
nated mice also showed an enhanced IgG2a response, along with increased
mRNA expression of IFN-y. Histologically, immunized mice had a reduction in
lung inflammation when compared with controls.

In mice injected with a plasmid containing two isoforms of the birch allergen
Bet V 1 (low and high allergenicity), with CpG motifs appended to the plasmid
DNA or co-injected with the plasmid, a Thl-type response was seen with an in-
creased 1gG1/IgG2a ratio, and little IgE produced (Hartl et al. 1999). The mice
treated with the highly allergenic isoform, however, showed increased allergen-
specific proliferation and an increased IFN-y and decreased IL-4 production.

Roy et al. (1999) also examined the effects of a mixture of ISS-ODN plus DNA
coding for protein allergen on sensitized mice. Their novel approach to peanut
desensitization involved oral administration of DNA nanoparticles (plasmid
DNA containing ISS-ODN and DNA encoding the peanut allergen, Ara h 2) com-
plexed with chitosan, a natural polysaccharide. In these mice, there was a reduc-
tion in allergen-induced anaphylaxis compared with controls, along with de-
creased antigen-specific IgE, plasma histamine, and vascular leakage.

23
ISS-ODN Plus Protein

The combination of immunostimulatory DNA sequences plus allergenic protein
has also been studied. ISS-ODN may be combined in a mixture with the protein,
or it may be covalently linked to the protein. The molecular processes are more
involved than those involved with DNA vaccines alone. The processing of pro-
tein allergen involves uptake by antigen-presenting cells and presentation on
class II MHC molecules, whereas DNA is first transfected into cells, then trans-
lated into proteins that are presented on class I MHC molecules. Multiple aller-
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gens have been studied in conjunction with CpG repeats as potential targets for
DNA vaccines.

In mice vaccinated with a mixture of cedar pollen protein allergens (Cry j 1
and Cry ] 2) and ISS-ODN, allergen-specific IgG2a titers were increased, with a
concomitant decrease in IgGla and IgE (Kohama et al. 1999). Cytokine changes
were also seen with treated mice showing increased IFN-y secretion and de-
creased IL-4 release compared with control mice injected with allergens/mutant
ODN.

Horner et al. (2000) found that mice vaccinated with plasmid containing
B-gal cDNA protected 5/15 (33%) animals from death due to anaphylactic chal-
lenge with f-gal after sensitization to B-gal, in conjunction with alum and
pertussis. In the same study, mice were also immunized with $-gal protein plus
ISS-ODN. Compared with mice immunized with plasmid alone, these mice had
42% survival after anaphylactic challenge and had reduced postchallenge plas-
ma histamine levels. In addition, Tighe et al. (2000) conjugated two antigens
(Escherichia coli S-gal or HIV gpl120) to ISS-ODN. Splenocytes from mice im-
munized with the B-gal conjugate were stimulated in vitro and produced signifi-
cantly higher levels of IFN-p than those immunized with other combination
vaccines, including §-gal mixed with ISS-ODN, j-gal alone, and j-gal conjugat-
ed to a non-stimulatory DNA sequence. Similar results were seen in mice immu-
nized with the gp-120-ISS-ODN conjugate. Mice immunized with the protein-
DNA conjugates were also shown to have increased antigen-specific I1gG2a
levels.

In mice sensitized with Amb a 1, Santeliz et al. (2002) administered Amb a 1,
only Amb a 1-ISS, or Amb a 1-Non-ISS intradermally. The mice treated with
Amb a 1-ISS had less ragweed-induced airway hyperresponsiveness than those
treated with Amb a 1 and Amb a 1-Non-ISS. However, these mice had more sig-
nificant hyperresponsiveness than those sensitized and treated with phosphate-
buffered solution (PBS). Interestingly, mice treated with Amb a 1-ISS had in-
creased Thl and Th2 immunoglobulins. Both IgG1 and IgG2a were significantly
increased in this group. When stimulated with Amb a 1, splenocytes from the
Amb a 1-ISS group had increased IFN-p compared with all controls, and had in-
creased IL-5 compared with PBS-treated mice, but not other groups. These data
suggest that ISS-ODN treatment after sensitization may help modify airway hy-
perresponsiveness, but altogether upregulate both Thl and Th2 arms of the im-
mune response.

3
Conclusions

The use of DNA vaccination as treatment for allergic disease, particularly asthma
and food allergy is a viable option, although further human studies are required.
Figure 3 reviews the potential therapeutic modalities and results associated with
them. The success in skewing the immune response towards a Thl phenotype
in mice using immunostimulatory DNA will need to be evaluated in humans. In
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O Plasmid DNA ~ —*1gG2a, *IFN-y in mice

$1L-12, IL-18, IFN-y, IFN-o, IFN-a,

CpGCpg CpG repeats —_— IL-6, IL-10, MHC I and II, and
(ISS-ODN) IFN-y and IL-12 rc

$B7-2 on macrophages and dendritic cells
B7-1 on macrophages

Plasmid DNA + gene
O encoding allergenic ~ 4IgM, IgG1 and IgG2 to protein in mice
protein ’ vAllergen specific IgE

CpGCpg CpG repeats + fAIIergen specific IgG2a in mice
+ allergenic VAllergen specific IgE in mice

allergen Pprotein t1gG1, IgG2a, IL-5 and IFN-y in mice

Fig. 3 The immunologic effects of multiple modes (plasmid alone, CpG repeats alone, plasmid with
allergenic gene inserted, and CpG repeats with allergenic protein) are reviewed. Overall there is a shift
to a Th1-type response, but some changes upregulate the Th2 arm as well

addition, concerns regarding unmasking or development of diseases considered
Th1 directed (lupus, rheumatoid arthritis, inflammatory bowel disease) must be
addressed.
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Abstract The completion of a draft of the human genome has led to a revolu-
tion in the use of genetic information to study the pathophysiology of airway
disease. There are three major potential uses of genetic information. First,
knowledge of the precise sequence of genes can be used to develop gene therapy
approaches for the management of airway disease. Second, expression profiling
approaches can be used to define novel targets for therapy. Third, genetic varia-
tion in the key targets for drugs used in the management of airway disease

might account for inter-individual variability in treatment response.

Keywords Pharmacogenetics - 3,-Adrenoceptors - Expression profiling -
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1
Introduction

Whilst most patients with asthma and/or COPD will exhibit good disease con-
trol with conventional medication, there is considerable interindividual variabil-
ity in response to specific treatment. In addition, a small minority of patients
will have disease which responds poorly to medication. With the near comple-
tion of the working draft of the human genome, a wealth of genetic information
has become available which will enable novel approaches to patient manage-
ment to be considered. In this chapter, three different approaches involving the
use of genetic information will be reviewed. First, the potential contribution of
genetic factors to variability in treatment response in asthma and COPD will be
considered. Second, the use of genetic approaches for novel target identification
(pharmacogenomics) will be reviewed. Finally, an outline will be provided of
the potential value of gene therapy approaches to the management of asthma
and/or COPD.

2
Pharmacogenetics and Airflow Obstruction

Many factors will influence whether or not a given individual responds to a spe-
cific treatment. Whilst issues such as compliance and environmental exposure
are obviously important, a major component contributing to interindividual
variability in treatment response is likely to be genetic factors. In broad terms,
these can be separated into factors which affect the pharmacokinetic profile of a
drug (e.g. genetic variability in drug metabolising enzymes) and factors which
affect the pharmacodynamic characteristics of a drug (e.g. variability in the pri-
mary drug target or in downstream signalling pathways).

There have been false expectations about the potential value of pharmacoge-
netic information, which has led to some disillusionment in both the industry
and the academic sector. This is mainly because it is unlikely that a single genet-
ic factor will be the major determinant of drug responsiveness for the vast ma-
jority of drugs. However, combinations of genetic factors, each with a moderate
effect may well prove good predictors of treatment response. Although there are
few examples at present which stand up to critical appraisal (and none in the
asthma/COPD field), predictive models for determining disease response on the
basis of genetic variability are being constructed in other disease areas, one ex-
ample being modelling of clozapine responsiveness in the treatment of schizo-
phrenia (Arranz et al. 2001). However, to date no large scale clinical trials have
been performed to examine prospectively the reliability of such models, and a
large amount of further information will be required regarding the functional
effects of genetic variability in drug targets before such models are likely to be
applicable in general.

The major hope for pharmacogenetics is that it will provide a reasonable pre-
dictive model to define treatment responses for individuals within a population
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Fig. 1 Hypothetical outcome from a clinical study of a novel drug for the treatment of asthma. The
figure shows responses of populations treated with placebo or active drug in a hypothetical study of a
novel drug designed for the management of airway disease. Whilst no overall effect of placebo is seen,
individuals on placebo may deteriorate or improve during the course of the study. In contrast, the
active drug produces an improvement overall in the population. However, some individuals respond
well to the active drug whereas other individuals response poorly or have no response. If a single
genetic factor determined treatment response one would predict that one would obtain a bi-modal
distribution of responders and non-responders in the active arm of the study. However, where multiple
factors (genetic and non-genetic) contribute to inter-individual variability in treatment response, this
bi-modal pattern would be lost. See text for further details

(Roses 2000, 2002). This can perhaps be best considered by examining data
from a hypothetical clinical trial such as that shown in

Fig. 1. Most clinical trial data are presented with a comparison of the mean
effect in the treatment group compared with the mean effect in the placebo
group. Typical data obtained from a study which, for example, examines change
in mean peak expiratory flow rate following treatment with an inhaled cortico-
steroid would be expected to be similar to that seen in Fig. 1. Here it can be seen
that in the placebo group, whilst some individuals improved and some individu-
als deteriorated during the course of treatment, overall there is no significant
effect compared with baseline. In contrast, the treatment group has a mean im-
provement. However, it is also clear that whilst some individuals improved
markedly on treatment in the active drug arm of the study other individuals
failed to respond at all or deteriorated. The hope for pharmacogenetics is that
genetic information might be used to predict those individuals who are likely to
fall into the high or low responder groups. Whilst this may not prove clinically
important where a rapid response to treatment is observed (e.g. following ad-
ministration of a short-acting f,-agonist in asthma) it may be valuable where
response to treatment takes longer to become clinically apparent, (e.g. anti-
inflammatory treatment in the management of airflow obstruction).

Another possible benefit of pharmacogenetic data is the prediction of rare se-
rious adverse drug reactions (ADRs). Again, there are currently no good exam-
ples within the respiratory field, although examples in other disease areas exist.
Perhaps the best example is in the prediction of hypersensitivity reactions to
abacavir, a reverse transcriptase inhibitor used in the treatment of HIV disease.
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Hypersensitivity to abacavir, a serious and potentially life-threatening reaction
occurred much more frequently in individuals carrying HLA B*5701 (Mallal et
al. 2002), and a strong argument could be used for routine genotyping of indi-
viduals before commencing on abacavir to prevent the drug being prescribed
for individuals at high risk of this ADR.

3
Genetic Variability: General Considerations

Current estimates suggest that the human genome contains around 32,000 genes
and that around 1 in 1,000 bases is variable between individuals (International
Human Genome Consortium 2001). By far the commonest form of variation is
the single nucleotide polymorphism (SNP). Given that the majority of genes are
at least 1,500 base pairs in length, most genes will contain at least one and often
many more SNPs. Other forms of polymorphism/mutation occur such as dele-
tions, insertions, and variable length di- or tri-nucleotide repeat sequences.

Given the extent of genetic variability within the human genome (currently
the SNP databases contain over 2 million SNPs, and the number is expanding
rapidly), simple random association approaches to pharmacogenetic studies are
likely to prove problematic because of false positive and false negative results.
The situation is further complicated by the existence of linkage disequilibrium.
Linkage disequilibrium occurs because any given mutation must arise on a par-
ticular genetic background. Hence, SNPs which are close together will not be
randomly assorted in the population, as recombination between two adjacent
SNPs will be a rare event. In practise, the rate of recombination is not random
across the human genome, with the result that recombination hot spots occur.
This leads to the existence of regions showing tight linkage disequilibrium (hap-
lotype blocks) and regions where linkage disequilibrium is less tight. The exis-
tence of haplotype blocks may be an advantage in that genotyping a small num-
ber of polymorphisms within a given haplotype block may provide a good ge-
netic profile of that region, reducing the amount of genotyping required in an
association study. On the other hand, the precise localisation of a causal muta-
tion within such a region will be more difficult.

Given that SNPs arise by mutation in a single individual in a population, a
reasonable question would be, How is it that a given SNP becomes common
within the general population? Population genetic approaches have suggested
that only very small selection advantages are required to drive a polymorphism
within the population, giving rise to the concept of the “nearly neutral muta-
tion”. For humans, a selection advantage of around 1 in 10,000 has been suggest-
ed to be adequate to drive selection.

The presence of a selection advantage implies functionality for the given
polymorphism.

A further way of rationalising approaches to the uses of genetic information
in pharmacogenetics is to assess functionality of a given polymorphism. In
principle one would predict that a coding region polymorphism which alters
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Table 1 Important questions in assessing the functional consequences of polymorphic variation

the amino acid code of a protein is likely to be more functionally important
than a polymorphism which does not alter amino acid sequence. Similarly in
non-coding regions polymorphisms in important regulatory regions (i.e. those
which govern the level of expression for the gene of interest) might be predicted
to be more important than polymorphisms in the rest of the non-coding region
at that genetic locus. Some of the questions to consider when assessing potential
functionality of a given polymorphism are shown in Table 1.

4
Genetic Variability in Airway Targets

Over the last 10 years a number of groups have systematically screened the cod-
ing regions of the major drug targets for airway disease to determine the extent
of genetic variability within these genes. Table 2 shows the current status of this
effort. From this table it is clear that, whilst the coding regions of most impor-
tant primary drug targets in the airways have been screened, far less is known
about the regulatory regions of the relevant genes, which in some cases have yet

Table 2 Current status of pharmacogenetic screening of major airway targets. The table shows major
targets for the treatment of airway disease and the current status of genetic screening examining for
polymorphisms within the key targets

Whereas the majority of the coding regions have been screened, the regulatory regions for these genes
have often not been defined or screened. Relatively few clinical studies have been performed to date
(see text for further details). In addition, the downstream signalling pathways from these targets may
also contain significant genetic variability, which might impinge on treatment profiles.
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to be properly defined. Also, there are relatively few large-scale clinical studies
which have been performed to date. A summary of the major polymorphisms
which have been studied is given in the next section.

5
Genetic Variability and Pharmacokinetics

Factors affecting drug metabolism are also potentially important in determining
treatment response. However, the majority of drugs used in the treatment of air-
way disease have wide therapeutic windows (with the exception of theophylline)
and do not show marked variability in their pharmacokinetics between individ-
uals. The best examples for pharmacokinetic effects due to genetic variability
are for drugs metabolised by certain members of the cytochrome P450 pathway.
Polymorphic variation in cytochrome P450 family members leads to altered me-
tabolism of several commonly used drugs.

A good example is the role of cytochrome P450 2C9 polymorphism in the
control of warfarin metabolism. Those individuals carrying either *2 or *3 alle-
les at this locus show reduced ability to metabolise warfarin, leading to prolon-
gation of anticoagulant effects (Daly et al. 2002). Another example of this is the
role of cytochrome P450 2D6 polymorphism in the metabolism of some antide-
pressants. Two other enzymes important in the metabolism of specific drugs are
N-acetyltransferase (isoniazid) and thiopurine methyl transferase (TPMT) (aza-
thioprine). Perhaps of these, the most relevant to the management of asthma is
TPMT; azathioprine has occasionally been used in the management of difficult
asthma to reduce prednisolone requirements. TPMT activity is a strong predic-
tor of haematological toxicity in, for example, patients with inflammatory bowel
disease with individuals who are slower acetylators being much more likely to
develop toxicity (Lennard 2002) due to increased drug levels.

6
B2-Adrenoceptor Polymorphism

The best studied example for a pharmacogenetic contribution to variability in
treatment response in airway disease is that of the f,-adrenoceptor. The f,-ad-
renoceptor is an intronless gene situated on chromosome 5q31. Nine SNPs have
been described within the coding region for this gene, of which four alter the
amino acid sequence (Reihsaus et al. 1993). Functional data exist to suggest sig-
nificant effects for the Arg-Glyl6 polymorphism, the Gln-Glu27 polymorphism
and the Thr-Ile 164 polymorphism. The Ile 164 form of the receptor is rare
(allelic frequency 3%, i.e. 3% of individuals will be heterozygous for this poly-
morphism and one would predict that 50% of their ,-adrenoceptors will carry
the Ile 164 variant). In transformed cell systems the Ile 164 form of the receptor
demonstrates a reduced binding affinity for catechol ligands (Green et al. 1993).
In addition, because the polymorphism is in the fourth transmembrane domain
of the receptor close to the binding site for the lipophilic tail of salmeterol, it is
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conceivable that individuals carrying this polymorphism will have altered re-
sponses to salmeterol. However, given the rarity of the polymorphism, the con-
tribution to population variability in treatment response will be at best small.
Individuals carrying two copies of the Ile 164 variant would be expected to ex-
hibit a more extreme phenotype than heterozygous individuals. However,
despite genotyping several hundred individuals at this locus, we have yet to
identify a homozygous Ile 164 subject.

The two N-terminal polymorphisms at codon 16 and 27 are, in contrast,
much commoner. Neither alter the ligand binding characteristics of the receptor
but both have been proposed to alter receptor cycling (Green et al. 1994, 1995).
Transformed cell system approaches suggest that the Gly16 form of the receptor
down-regulates to a greater extent than wild type, whilst the Glu 27 form is rela-
tively protected from down-regulation. In practice, because of linkage disequi-
librium, the Gly 16 Glu 27 combination is commoner than would be predicted
from chance based upon assessment of the allelic frequencies of the two SNPs,
and hence the two polymorphisms frequently co-exist (Dewar et al. 1998). Inter-
estingly the Glu 27 variant is much less common in populations of AfroCar-
ribean descent (Candy et al. 2000).

Liggett and co-workers have put forward a dynamic model for receptor cy-
cling which proposes that individuals carrying the Arglé form of the receptor
demonstrate an increased response to the acute effects of 5,-bronchodilator but
have greater potential for down-regulation following long-term treatment. A
number of clinical studies have been performed examining responses to ,-ago-
nists following acute or chronic treatment. Some although not all of these sup-
port the possibility that individuals with the Argl6 variant have increased acute
responses but reduced longer term responses to ,-agonists (Turki et al. 1995;
Martinez et al. 1997; Hancox et al. 1998; Israel et al. 2000). No association was
seen in one study with fatal or near fatal asthma (Weir et al. 1998), and in pre-
liminary work our group has failed to see a contribution to reversibility in sub-
jects with chronic obstructive pulmonary disease (COPD). At present, therefore,
whilst there is good evidence for functional effects for these f,-adrenoceptor
polymorphisms, their overall contribution to treatment response remains to be
fully determined. In addition there is considerable genetic variability in the reg-
ulatory region controlling expression of the B,-adrenoceptor gene (Scott et al.
1999; Drysdale et al. 2000). Whilst many of the SNPs in this region are likely to
be functionally silent, data exist suggesting that the —47, C-T SNP which is in a
short open reading frame upstream from the gene alters downstream regulation
of f,-adrenoceptor expression. However, in one study no difference in levels of
B;-adrenoceptor expression on peripheral blood mononuclear cells was seen in
individuals carrying either the —47C or T allele or haplotypes where this poly-
morphism was considered in conjunction with the coding region polymor-
phisms (Lipworth et al. 2002).
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7
Muscarinic M; and M; Receptors

Both the muscarinic M, and Mj; receptor coding regions have been screened for
polymorphic variation and been found to exhibit far less variability than the j,-
adrenoceptor. No common amino acid substitution has been reported in either
the M, or Mj receptors, although relatively rare SNPs which do not alter the
amino acid code are present in at least the M, receptor (Fenech et al. 2001). The
regulatory regions important for transcription of the M, and M3 receptor have
only recently been defined and no functional data on polymorphic variation
within these regions have been presented to date. However, it remains possible
that the level of expression of M, and/or M; receptors (as opposed to the ligand
binding characteristics of the receptors) in the airways is in part genetically de-
termined and this might account in part for variability in treatment response to
anticholinergic agents.

8
5-Lipoxygenase Activity and Cys-Leukotriene 1 Receptors

Following the introduction of Cys-leukotriene 1 receptor antagonists such as
montelukast and zafirlukast for the treatment of airway disease, it has become
clear that a significant number of patients with asthma fail to respond to these
agents. The level of leukotriene D4 in the airways is determined in part by the
activity of the 5-lipoxygenase enzyme. Studies by Drazen’s group in Boston have
suggested that levels of 5-lipoxygenase activity are in part genetically deter-
mined by the number of SP1 repeats in the regulatory region of the 5-lipoxyge-
nase gene (In et al. 1997; Silverman and Drazen 2000). In one clinical study ex-
amining changes in lung function following the administration of a 5-lipoxyge-
nase inhibitor (ABT761), individuals with no clinical response were much more
likely to have non-wild-type alleles at this locus (Drazen et al. 1999). These non-
wild-type alleles were all found in complementary in vitro functional studies to
be associated with lower levels of enzyme activity. Preliminary studies have ex-
amined the potential contribution of these polymorphisms to clinical responses
to Cys-leukotriene 1 receptor antagonists in the treatment of asthma. In one
study, the responses of individuals who were heterozygous for 5-lipoxygenase
promoter non-wild-type alleles were not different from individuals carrying the
wild-type alleles on both chromosomes (Fowler et al. 2002); however, the effec-
tiveness of Cys-leukotriene-1 receptor antagonists in individuals with asthma
homozygous for non-wild-type alleles at the 5-lipoxygenase locus remains to be
determined. In Caucasian populations, such individuals are relatively rare
(<10%), and hence the potential contribution of homozygosity for these poly-
morphisms to treatment response at the population level would be small. The
relevance of the recently cloned Cys-leukotriene 2 receptor (Lynch et al. 1999)
to the control of airway responses to leukotriene D4 and other inflammatory
leukotriene mediators remains to be fully determined (Heise et al. 2000), al-
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though the majority of the treatment response seen with montelukast and zafir-
lukast is mediated through actions at the Cys-leukotriene 1 receptor. The poten-
tial contribution of polymorphic variation in this Cys-leukotrine 2 receptor to
airway responses remains to be examined.

9
Glucocorticoid Receptor Polymorphism

Given the existence of rare individuals who appear to be resistant to the effects
of glucocorticoids, considerable interest has arisen in the possibility that poly-
morphism within the glucocorticoid receptor may underlie variability in the
effectiveness of steroid medication. The glucocorticoid receptor exists as two
splice variants (GRa and GRp) which arise due to differential splicing of the
ninth exon. A number of SNPs have been described within the glucocorticoid
receptor including several which cause amino acid substitutions within the re-
ceptor. The only good functional data presented to date suggest that a polymor-
phism in codon 363 which results in a serine substitution is a gain of function
mutation with individuals carrying this substitution showing altered profiles in
dexamethasone suppression tests (Huizenga et al. 1998). However, this polymor-
phism is rare. The possibility that individuals carrying this polymorphism may
be at increased risk of glucocorticoid-associated side effects has not yet been
studied in a population with airway disease. Other studies have identified rare
polymorphisms which may underlie cortisol resistance in individual family
members in isolated families (e.g. Malchoff et al. 1993) but have not in general
identified association between commoner SNPs within the GR gene and resis-
tance to treatment (Koper et al. 1997).

10
Phosphodiesterase Inhibitors

In contrast with the relatively simple genomic organisation of genes coding for
G protein-coupled receptors, the phosphodiesterase family of genes is extremely
complicated with the existence of multiple families each containing several fam-
ily members of which many splice variants also exist. Because the most impor-
tant phosphodiesterase isoforms for the control of cell signalling in different air-
way cells have not been fully defined, pharmacogenetic studies examining phos-
phodiesterase isoforms have not yet been performed. It is probable that mem-
bers of the phosphodiesterase type 4 family may prove important, with phos-
phodiesterase 4B and 4D potentially being implicated as the major isoforms
controlling responses in airway smooth muscle and inflammatory cells (Bolger
et al. 1997; Schmidt et al. 1999). Pharmacogenetic studies are likely to be made
even more difficult by the complex structures of the phosphodiesterase genes
which have been examined to date. Most genes contain multiple exons/introns
and span relatively large genomic regions, with the result that they are likely to
contain multiple SNPs. For example, the human phosphodiesterase 4D gene cov-
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ers around 1 megabase and has 17 exons (Le Jeune et al. 2002). Thus, designing
informative pharmacogenetic studies on these genes will prove problematic un-
til further data are available.

1
Pharmacogenomics

As mentioned earlier, current estimates suggest there are around 32,000 genes in
the human genome (International Human Genome Sequencing Consortium
2001). The available drugs used in the treatment of human disease at present
target only around 500 gene products. Thus it is likely that many novel targets
exist which may be amenable to modulation by drugs, thereby providing the op-
portunity for the development of novel therapeutic strategies. Pharmacogenom-
ic approaches have been used to identify potentially important gene products
by taking advantage of advances in micro-array and gene chip technologies.
The basic principle behind these approaches is to examine the levels of either
messenger RNA (RNA expression profiling) or protein (proteomics) for large
numbers of genes with the aim of identifying gene products which are up-regu-
lated or down-regulated under conditions relevant to disease activity. The pro-
duction of gene chips which include specific probes for 10,000 or more human
genes means that expression profiles for the majority of genes within the human
genome can easily be obtained within a short space of time. However, the wealth
of data generated and the bioinformatic difficulties of handling these data have
produced major problems in interpreting results obtained from experiments us-
ing expression profiling approaches (Chambers 2002). At its simplest these ap-
proaches would take an individual cell type and examine expression profiles be-
fore and after a single treatment. It is, however, critical in such experiments to
observe simple rules regarding experimental design. Thus experiments should
be performed with multiple replicates at appropriate time points and with ap-
propriate controls included under carefully controlled conditions to help in-
crease confidence in the data generated. There is no general agreement about
the change in expression which is indicative of a significant change in regula-
tion, although many investigators have used a cut off of a twofold increase or
decrease in RNA expression to define targets. Proteomic approaches have used a
combination of 2D gel electrophoresis coupled with mass spectrometry sam-
pling of proteins with altered expression/migration. The difficulty here is that
the technique tends to select abundant proteins rather than identify proteins of
a lower abundance which may still be important, and in addition some of the
proteins identified on 2D gel electrophoresis as being up- or down-regulated
cannot be easily identified using mass spectrometry approaches.

The major problem with expression profiling approaches is in selecting tar-
gets which may be important. Whilst genes which previously were known to be
regulated in models of airway disease will be identifiable using expression pro-
filing approaches (an example being induction of COX2 by interleukin-1p) this
is obviously not relevant in defining novel therapeutic targets. By definition, the
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gene products of most potential interest will be those about which relatively
little is known regarding function. In order, therefore, to handle the hits ob-
tained using expression profiling approaches appropriate strategies need to be
designed. One potential way forward is to first validate hits using an alternative
technology. Usually a quantitative polymerase chain reaction (PCR)-based ap-
proach (e.g. using TagMan) is used to validate targets. In addition, one can pri-
oritise targets depending upon their likely role in the cell. For example, a novel
G protein-coupled receptor (GCPR) would be more likely to be a promising
therapeutic target than a structural protein involved in cytoskeletal reorganisa-
tion.

To date relatively few studies using expression profiling approaches have
been published as full peer-reviewed studies, although many are currently ongo-
ing. One study using cultured airway smooth muscle cells identified over 40
genes up-regulated by interleukin-18, providing a list of novel potential targets
(Hakonarson et al. 2001). No proteomic data have been published to date
although, again, a number of studies are currently ongoing.

One interesting approach for dealing with the large number of novel targets
generated by expression profiling is to use linkage data from genome screen
studies in the disease of interest to prioritise targets. There have been a number
of genome screens published on different asthmatic populations which have
identified a number of regions of moderate linkage, suggesting that a number of
genes of moderate effect may be important in disease initiation (Daniels et al.
1996; CSGA 1997; Ober et al. 1998; Wijst et al. 1999, Lonjou et al. 2000). By pri-
oritising genes identified using expression profiling approaches comparing
asthmatic and non-asthmatic cells and limiting analyses to those genes in re-
gions of linkage, it may be possible to narrow the number of targets to be exam-
ined.

12
Gene Therapy

Gene therapy approaches can potentially be of value in the treatment both of
airway disease caused by single gene defects and airway disease in which multi-
ple genes probably play a role. The best examples of the former category are
cystic fibrosis and o;-antitrypsin deficiency. In both these situations, where dis-
ease is predominantly related to the lack of expression of the normal protein
product, transfer of the relevant wild-type gene should in principle prevent de-
velopment of disease if performed at an early stage. In contrast, gene therapy
approaches may potentially be of benefit in polygenic diseases such as asthma,
where overexpression of a relevant transgene (e.g. an anti-inflammatory cyto-
kine) might ameliorate the disease-causing mechanisms. Such approaches are
only likely to be cost effective in small numbers of patients with severe disease
unresponsive to standard medication. To date, there are no clinical data in hu-
man subjects with airway disease using this approach and most of the data pub-
lished on this approach have been generated from animal models. One interest-
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ing example is in the generation of a j,-adrenoceptor-overexpressing mouse
which demonstrates increased protection against bronchoconstrictor stimuli
compared with the wild-type mouse (McGraw et al. 2000).

The major airway disease which has to date been targeted by gene therapy
approaches is cystic fibrosis (reviewed in Griesenbach et al. 2002). Because
defective function of the cystic fibrosis transmembrane regulator (CFTR) is be-
lieved to explain at least the majority of the pathological changes seen in pa-
tients with cystic fibrosis, correction of the underlying molecular defect by gene
therapy replacement might be expected to correct the physiological defect and
also to potentially improve airway function. A number of studies have demon-
strated reconstitution of the chloride (CI”) current carried by CFTR following
gene transfer in cultured cell lines. Effective transfer of CFTR was also seen in
animal models of cystic fibrosis which led to the approval of human gene thera-
py trials in patients with cystic fibrosis. These employed one of two approaches.
In the first approach, modified adenovirus vectors were used as the vehicle for
gene transfer. In the second approach, liposomal carriers were used to transfer
CFTR to the airway epithelial cells. Both led to the successful expression of
CFTR in human airway or nasal epithelial cells; however, the level of expression
of the transgene was in general low and pro-inflammatory effects of the adeno-
virus vector were seen when administered at high doses, which led to the cessa-
tion of clinical trials using this approach in one centre. To date there are no data
suggesting improvement in lung function or other clinically relevant endpoints
in patients with cystic fibrosis, although inevitably subjects treated were those
with moderate or relatively severe disease in whom profound structural changes
had already occurred. Once substantial pathological changes have occurred in
airway architecture it is unlikely that these would be reversed following success-
ful expression of CFTR in the airways.

Despite the relative lack of success of clinical trials in cystic fibrosis, it is
likely that gene therapy approaches will prove successful for the management of
airway disease in the future. In conditions where an underlying defect is being
corrected such as cystic fibrosis or o;-antitrypsin deficiency, these approaches
will need to be commenced at a relatively early stage in disease to prevent long-
term structural changes. On the other hand, the alternative approach of over ex-
pression of anti-inflammatory mediators, for example for the management of
severe asthma, could be considered where conventional therapy has failed to
produce benefit. Such approaches will, however, depend upon obtaining ade-
quate expression of the transgene in the airways without inducing inflammatory
reactions. With this in mind, a major effort is ongoing to generate novel gene
therapy transfer vehicles including work on new liposomal agents and the devel-
opment of lentiviruses which may have less pro-inflammatory effects in the air-
way whilst achieving adequate levels of expression.
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13
Summary

The near completion of the human genome project has lead to a wealth of genet-
ic information available on publicly accessible databases which will revolu-
tionise the way in which airway research is performed. The realisation that ex-
tensive inter-individual variation occurs at the genetic level may have implica-
tions for the management of patients. Pharmacogenetic information will be of
use in explaining inter-individual variability in treatment response and poten-
tially will be valuable in increasing understanding of adverse drug reactions. Ex-
pression profiling approaches will generate a wealth of data which will allow
novel therapeutic targets in the airways to be identified. Ultimately these data
may impinge upon the feasibility of gene transfer approaches to the manage-
ment of airway disease although this is likely to be limited to small numbers of
patients with disease which has failed to respond to conventional treatment.
However, there is a major challenge in extending the wealth of genetic informa-
tion into functional studies examining the integrated physiology of the airway.
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Abstract The incidence of both asthma and chronic obstructive pulmonary dis-
ease (COPD) is increasing throughout the world, and acts as a major incentive
for the development of new and improved drug therapy. For the large range of
bronchodilator and anti-inflammatory agents in current clinical development,
reliable decision-making is imperative in phase II, before entering large-scale
phase III clinical studies. With anti-inflammatory therapies for asthma, many
studies have been performed utilising the inhaled allergen challenge as a proof
of concept study, effects on airway hyper-reactivity (AHR) can be assessed, and
it is also possible to directly study limited numbers of symptomatic asthma pa-
tients. Additional clinical trial designs in asthma include studies to assess bron-
chodilation, bronchoprotection against a variety of inhaled constrictor agents,
exercise tolerance, add-on and titration studies with inhaled and oral corticos-
teroids, and prevention and treatment of exacerbations. In contrast, it is a major
issue for the development of new anti-inflammatory drugs for COPD that large-
scale phase II studies are generally required in this disease in order to detect
clinical efficacy. In COPD, clinical trial designs range from studies on lung func-
tion, symptoms and exercise performance, inflammatory biomarkers, natural
history of chronic stable disease, prevention and treatment of exacerbations,
and effects on cachexia and muscle function. Compared with asthma, inclusion
criteria, monitoring parameters, comparator therapies and trial design are less
well established for COPD. The large variety of potential clinical endpoints in-
cludes lung function, symptoms, walking tests, hyperinflation, health-related
quality of life (HR-QOL), airway reactivity, and frequency and severity of exac-
erbations. In addition, surrogate biomarkers may be assessed in blood, exhaled
breath, induced sputum, bronchial mucosal biopsy and bronchoalveolar lavage
(BAL), and advanced radiographic imaging employed. Of particular utility is ex
vivo whole blood stimulation to enable pharmacokinetic/pharmacodynamic
modelling in establishing an optimal dosage regimen relatively early in human
clinical studies. There have been considerable recent advances in the develop-
ment of non-invasive biomarkers and novel clinical trial designs, as well as
clarification of regulatory requirements, that will facilitate the development of
new therapies for patients with asthma and COPD.

Keywords Asthma - COPD - Clinical trial designs - New drugs - Endpoints -
Biomarkers
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1
Background

1.1
Medical Needs

The health burden of asthma and chronic obstructive pulmonary disease
(COPD) is increasing globally at an alarming rate, providing a strong impetus
for the development of new therapeutics (Lopez and Murray 1998; Murray and
Lopez 1997a,b; Beasley et al. 2000; Barnes 2002; Fabbri et al. 2002). Despite the
availability of effective inhaled therapy for asthma, many patients are inade-
quately treated (Vermeire et al. 2002), while the severe asthmatics that do not
respond to inhaled and oral corticosteroids have a major need for supplemen-
tary or alternative therapy. The extensive use of oral leukotriene antagonists of
limited efficacy for mild persistent asthma in the USA illustrates the need for
alternatives to inhaled corticosteroids. The situation is more urgent in COPD
since patients lack effective therapy; bronchodilators have relatively small ef-
fects and anti-inflammatory therapy has only limited action in certain defined
patients (Barnes 2000). In both asthma and COPD there is the need to provide
more effective treatment for acute severe exacerbations of both asthma and
COPD. A long-term goal is to develop disease-modifying therapy to alter the
natural history and airway remodelling that occur in asthma, and to prevent or
inhibit the progressive fall in lung function that contributes to mortality in
COPD.

1.2
International Guidelines: GOLD and GINA

Inclusion criteria for patients with asthma and COPD in clinical trials can gen-
erally be based on definitions provided by international guidelines. Recently,
the Global Initiative on Asthma (GINA) and the Global Initiative on Chronic
Obstructive Lung Disease (GOLD) have released evidence-based guidelines that
cover the definition and management of patients with asthma and COPD [Na-
tional Institutes of Health (NIH) and National Heart Lung and Blood Institute
(NHLBI) 2002; NIH, NHLBI, World Health Organisation (WHO) 2001].

13
Clinical Phases | to IV

Textbooks of pharmaceutical medicine contain useful background information
on clinical trials and the development of medicines (Griffin et al. 1994), while
the European Medicines Evaluation Agency (EMEA) has issued general consid-
erations for clinical trials (EMEA CPMP 1997). The phases of drug development
are illustrated in Fig. 1. Rising dose tolerability studies generally take place in
first healthy volunteers and then patients with asthma or COPD. For some in-
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Fig. 1 A schematic diagram to illustrate the phases of preclinical and clinical drug development. For
many new chemical entities (NCEs) the cost of development to registration can range from US $500
million to $1 billion. Development times can vary greatly, from 6 years to over 12 years, and should be
considered in relation to a patent lifetime of 20 years. Phase | comprises rising-dose tolerability in heal-
thy volunteers and possibly patients. Phase Il involves therapeutic exploratory studies in small number
of patients to demonstrate pharmacological and clinical proof of principle. Phase IIl involves large-scale
therapeutic confirmatory studies. Phase IV involves post-registration/marketing studies to extent indica-
tions and define safety and efficacy

haled agents it may be preferable to proceed directly to patients, and tolerability
studies in younger patients with asthma are generally more sensitive and have
greater safety reserve then initial studies in patients with COPD. Table 1 consid-
ers some factors that can be considered in defining asthma and COPD patients.

14
Good Clinical Practice

Clinical studies within a drug development programme should be carried out
according to good clinical practice (GCP) (Gallin 2002), although this name is
imprecise, since GCP specifically relates to conduct of clinical research trials
with potential new therapies for human use. A European GCP Directive (2001/
20/EC) was issued in 2001, and this requires adoption into local law of member
states by May 2003, and full implementation by May 2004.
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Table 1 Endpoints for clinical studies in asthma and COPD

1.5
Regulatory Guidelines

The European Medicines Evaluation Agency (EMEA) has issued points to con-
sider in clinical trials on drugs for the treatment of COPD (EMEA CPMP 1999),
and there are also guidelines on asthma that are at draft consultative stage
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(EMEA CPMP 2001). The Federal Drug Agency (FDA) has issued draft guidance
for industry for metered dose inhalers (MDI) and dry powder inhalers (DPI)
(US Department of Health and Human Services 1998).

1.6
Ethical Issues

There are particular ethical issues in carrying out clinical studies in patients
with asthma and COPD. Patients with asthma may sometimes be required to be
symptomatic in a run-in phase before being offered in a blinded manner either
a potential treatment or placebo. Hence, in some instances these patients are
not receiving optimal current therapy for their asthma. Investigative procedures
such as bronchial biopsy and broncho-alveolar lavage (BAL) are relatively inva-
sive and are unlikely to be required for the usual clinical management of these
conditions. Inhaled allergen challenge has the potential risk of causing acute
anaphylaxis, may cause considerable falls in forced expiratory volume in 1 s
(FEV,) in the first 24 h, and can affect airway reactivity for 2 weeks after expo-
sure.

2
Endpoints

2.1
Lung Function

Peak expiratory flow (PEF) and FEV, are fundamental to the monitoring of pa-
tients with asthma (Crapo 1994; ATS 1995; Hughes and Pride 1999). It is impor-
tant that the health professional should adequately explain, demonstrate and su-
pervise the expiration procedure to obtain good-quality results. With the advent
of hand-held portable electronic lung-function meters combined with clinical
diaries, it is now possible to perform more reliable home monitoring of PEF,
FEV, and forced vital capacity (FVC). Data can be stored for up to 1 month, and
can be directly downloaded and transmitted over the internet. These electronic
devices record the exact time of measurements, and can warn the patient about
the need to take action in the event of an exacerbation of asthma. Whereas lung
function recordings at clinic visits were previously often the primary endpoint
in asthma studies, there is now an increasing tendency to use the lung function
and symptom data recorded at home on electronic meters.

FEV, has long been established as the main outcome measure in the monitor-
ing of patients with COPD, and it is strongly predictive of subsequent mortality
from COPD (Burrows and Earle 1969; Peto et al. 1983; Anthonisen et al. 1986;
Hansen et al. 1999). There are, however, limitations in the use of this measure-
ment, since changes in FEV, over time are small in relation to repeatability of
the measurement. Thus it can take serial measurements over several years to
demonstrate a declining trend in FEV| in one individual. In addition, the earli-
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est changes in smokers’ lungs occur in the peripheral airways (Niewoehner et al.
1974), and may already be present whilst the FEV; remains normal. At present,
post bronchodilator FEV; remains the “gold standard” to monitor progression
of COPD, and to monitor the outcome of therapeutic interventions such as
smoking cessation.

Several investigators have attempted to identify sensitive tests of small air-
ways function (maximum mid-expiratory flow, MMEF) that may be used to
monitor progression of smoking-related lung disease. Unfortunately it has been
found that the reproducibility of the majority of these tests is low, and, in the
main, abnormalities of these tests do not appear to predict the subsequent de-
velopment of clinically significant airflow obstruction (Tattersall et al. 1978;
Stanescu et al. 1987, 1998). Indices of the presence of emphysema include mea-
surements reflecting air trapping (increased total lung capacity, functional re-
sidual capacity and residual volume), and loss of alveolar-capillary membrane
[transfer factor, TLCO (Europe) or DLCO (USA)] (Hughes and Pride 1999).
These tests may be useful in individual patient assessments, but have been
shown to correlate only weakly with prognosis.

Measurement of exercise dynamic hyperinflation and exercise endurance, to-
gether with health-related quality of life and subjective measurement of dysp-
noea are important additional measures of bronchodilator efficacy in COPD
(O’Donnell and Webb 1993; Belman et al. 1996; O’Donnell 2000). In addition, re-
duction in dyspnoea following inhalation of f,-agonists is closely correlated
with the forced inspiratory volume in 1 s (FIV;) (Taube et al. 2000).

2.2
Symptom Diary Scores and Asthma Control Questionnaires

Daytime and nocturnal asthma symptom diaries have been found to be appro-
priate for use as outcome measures in clinical trials of asthma therapy (San-
tanello et al. 1997). These symptom diaries can now be recorded on portable
electronic devices that also include lung function. The Asthma Control Ques-
tionnaire (ACQ) consists of seven questions and has strong evaluative properties
(Juniper et al. 1999b). Daily symptom diaries have been used to a lesser extent
in studies on patients with COPD.

2.3
Health Status

Health status has become a major feature of studies in COPD (Jones and Mahler
2002). The St. George’s Respiratory Questionnaire (SGRQ) is a standardised
self-completed questionnaire for measuring health-related quality of life
(HRQOL) in airways disease (Jones et al. 1991; Jones 2001). The final version
has 76 items divided into 3 sections: “symptoms”, “activity” and “impacts” and
provides a total score. Scores range from 0 (perfect health) to 100 (worst possi-

ble state), with a 4-point change in score considered a worthwhile treatment ef-
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fect. The SGRQ and the Chronic Respiratory Disease Questionnaire (CRDQ)
have been found equivalent in a comparative study (Rutten-van Molken et al.
1999). Generic questionnaires have a place in COPD studies, but are relatively
insensitive, and include the Sickness Impact Profile (SIP) and SF-36 (Engstrom
et al. 2001).

The Asthma Quality of Life Questionnaire (AQLQ) has 32 questions and takes
5-10 min to complete (Juniper et al. 1992). In mild asthma, symptom diary
scores have been found less sensitive than the AQLQ and SGRQ (Barley and
Jones 1999; Juniper et al. 2000). More recently a standardised version, the
AQLQ(S), comprising 5 generic activities instead of 5 patient-specific activities,
has been validated in asthma (Juniper et al. 1999a).

24
Airway Hyperreactivity

The classical methods of assessment of airway hyperreactivity are to establish
the provocative concentration required to cause a 20% fall (PCy) in FEV; to in-
haled histamine or methacholine. Both agents cause direct constriction of air-
way smooth muscle, and are said to reflect non-specific AHR. Guidelines have
been published by the American Thoracic Society (ATS) for methacholine bron-
choprovocation (Crapo et al. 2000), and commercial sources of methacholine
produced by good manufacturing practice (GMP) are available.

Adenosine monophosphate (AMP) is a purine nucleoside that causes bron-
choconstriction by indirect mediator release from human mast cells (Polosa
and Holgate 1997; Polosa et al. 2002), since it is unlikely that AMP acts on
smooth muscle cells in vivo (Fozard and Hannon 2000). AMP may be especially
useful in detecting inflammatory changes in adult and paediatric asthma, and it
has been suggested that AHR to AMP relates to allergic background while AHR
to methacholine is related to decreased airway calibre (Van Den et al. 2001b; De
Meer et al. 2002). AMP reactivity has been usefully employed in clinical trials
with inhaled corticosteroids (Holgate et al. 2000a; Van Den et al. 2001a).

25
Exercise Testing in COPD: 6MWT, ISWT, ESWT

For the design of studies on exercise-induced asthma, see later in this chapter.
The ATS has published recent guidelines for the 6-min walk test (6MWT), since
this is an important component in the functional assessment of patients with
COPD (Enright and Sherrill 1998; ATS 2002a). The 6MWT is performed indoors
on a long, flat, straight corridor of at least 30 m in length, and the use of a tread-
mill is not recommended. In a recent review it was found that the 6MWT is easy
to administer and more reflective of activities of daily living than other walk
tests (Solway et al. 2001). The 12-level incremental shuttle-walking test (ISWT)
provokes a symptom-limited maximal performance exercise, but it uses an au-
dio signal from a tape cassette to guide the speed of walking of the patient back
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and forth between two traffic cones on a 10-m course (Singh et al. 1992; Dyer et
al. 2002). The shuttle-walking test has an incremental and progressive structure
to assess functional capacity, and maximum heart rates are significantly higher
than for the 6MWT. The endurance shuttle walk test (ESWT) also uses a 10 m
course, but has an externally controlled constant walking speed (Revill et al.
1999).

2.6
Dynamic Hyperinflation

Dynamic lung hyperinflation has been shown to improve after bronchodilator
therapy in COPD (O’Donnell et al. 1999; Newton et al. 2002). Dyspnoea ratings
and measurements of inspiratory capacity and endurance time are highly repro-
ducible and responsive to change in disease status (O’Donnell et al. 1998).

2.7
Muscle Testing

An ATS/European Respiratory Society (ERS) statement has recently been made
on respiratory muscle testing (ATS 2002b). Cellular adaptations in the dia-
phragm have been reported in COPD (Polkey et al. 1996; Levine et al. 1997), and
skeletal muscle apoptosis can occur in conjunction with cachexia in COPD
(Reid 2001; Agusti et al. 2002), with weakness and dysfunction of voluntary skel-
etal muscle (Gosselink et al. 1996; ATS 1999b; Engelen et al. 2000). Mid-thigh
muscle cross-sectional area is found to be a predictor of mortality in COPD
(Marquis et al. 2002).

28
Blood Analysis

Peripheral blood tests are generally performed in phases I and II for pharmaco-
kinetic evaluation (PK) of the amount of drug substance and its metabolites in
the blood. Before the end of phase III it is usual to have established absorption,
distribution, metabolism and excretion (ADME) profiles for oral drugs, al-
though for inhaled drugs distribution in the lung is often more relevant than
systemic exposure.

In asthma it is possible to assess inflammation by measuring such parame-
ters as peripheral blood eosinophil counts, serum eosinophil cationic protein
(ECP) levels, as well as T helper (Th)2 cell activation. However, these blood pa-
rameters are not particularly useful reflections of pulmonary inflammation.
Similarly, there are peripheral blood abnormalities found in COPD, including
enhanced neutrophil chemotaxis (Burnett et al. 1987), oxidative burst (Noguera
et al. 2001) and adhesion molecules (Noguera et al. 1998).

The utility of pharmacokinetic/pharmacodynamic (PK/PD) modelling can be
illustrated by taking the example of a hypothetical chemokine antagonist, since
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a large range of oral compounds have been developed against the numerous
chemokine receptors (Fig. 2). In relation to allergy and asthma, the chemokine
C-C receptor 3 (CCR3) is an interesting target expressed on a range of cells in-
cluding eosinophils and activated Th2 cells, and a range of synthetic low MW
chemicals have been developed that antagonise this receptor (Erin et al. 2002).
Clinical testing of CCR3 antagonists can be performed in terms of whole blood
flow cytometric assays to establish the pharmacodynamic duration of chemo-
tactic inhibitory activity on eosinophils. The GAFS (gated autofluorescence for-
ward scatter) assay makes use of the changes seen in the forward scatter of light
due to eosinophil shape change in response to chemokines (Sabroe et al. 1999;
Bryan et al. 2002).

This method has been adapted to be used in whole blood samples, with the
major advantage that the GAFS assay can be used for both preclinical and clini-
cal assessment of new chemokine receptor antagonists. It can be used in labora-
tory screening in the preclinical work up, when dose-response curves can be
determined on volunteer or macaque monkey blood to which the novel CCR3
antagonist is added ex vivo, and then the response to a specific stimulus deter-
mined (Zhang et al. 2002). The assay can then be used in clinical studies for as-
sisting dose range finding, since serial whole blood samples taken following
CCR3 antagonist ingestion can be stimulated ex vivo to give sequential pharma-
codynamic capacity. Since the pharmacodynamics can last longer than the phar-
macokinetics (hysteresis), this assay will be useful in monitoring the lasting ef-
fects of chemokine antagonists on leukocytes in the blood even if the drug is no
longer detectable in the plasma (Fig. 2).

29
Exhaled Breath

A range of substances have been analysed in exhaled breath and breath conden-
sate from adults and children with lung disease (Table 2). This includes nitric
oxide (NO), ethane, isoprostanes, leukotrienes, prostaglandins, cytokines, prod-
ucts of lipid peroxidation, and nitrogenous derivatives. In addition, exhaled
breath temperature may serve as a simple and inexpensive method for home
monitoring of patients with asthma and COPD, and for assessing the effects of
anti-inflammatory treatments.

There is no single test that can be used to quantify airway inflammation, and
a range of different specimens and markers of airway inflammation should be
considered (Kharitonov and Barnes 2000, 2001b). Peripheral blood markers
are unlikely to be adequate as the most important mediator and cellular re-
sponses occur locally within airways, while induced sputum originates from
more proximal rather than small airways. The “exhaled breath profile” of several
markers reflecting airway inflammation and oxidative stress is a promising
approach for monitoring and management of patients with asthma and
COPD. However, airway inflammation is not measured directly and routinely in
clinical practice.
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Fig. 2a—c Pharmacokinetics (PK) and pharmacodynamics (PD). The gated autofluorescence forward
scatter (GAFS) method for determining eosinophil shape change. a lllustration of how the GAFS method
can be employed to assess eosinophil shape in whole blood both pre-clinically, when novel drug is
added to blood ex-vivo, and dlinically, when the volunteer subject has received the therapeutic. Blood
is taken at intervals to determine both the pharmacokinetics and pharmacodynamic profiles. b Repre-
sentative flow cytometry dot plot showing the physical characteristics of defined (gated) populations of
leukocytes. This illustrates the increased forward scatter of eosinophils following stimulation with eotax-
in. ¢ Eosinophil shape change induced by chemokines
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Table 2 Exhaled breath markers

Exhaled nitric oxide (NO) has been extensively studied, since levels were
found to be increased in asthma (Kharitonov et al. 1994, 1997). Standardised
measurements of fractional exhaled NO (FEyo) provide a completely non-inva-
sive means of monitoring of airway inflammation and anti-inflammatory treat-
ment in asthma (ATS 1999a). It may be useful in patients using fixed combina-
tion inhalers (corticosteroids and long-acting f3;-agonist) to ensure that inflam-
mation is controlled, as this may be difficult to assess from symptoms when a
long-acting bronchodilator is taken.

Changes in serial FEyo have higher predictive values for diagnosing deterio-
ration of asthma (Jones et al. 2001) than single measurements (Kharitonov et al.
1996; Jatakanon et al. 2000). Reproducibility of FEyo measurements within a
single day in both adults (ICC 0.94) and children (ICC 0.94) is superior to any
conventional methods of airway inflammation monitoring in asthma. This adds
significantly to other advantages of FEyo measurements, such as their strong as-
sociation with airway inflammation (Kharitonov and Barnes 2001b), elevation
even in non-symptomatic asthma patients (van Den Toorn et al. 2000), high sen-
sitivity to steroid treatment (Kharitonov et al. 1996), and insensitivity to f,-ag-
onists (Kharitonov and Barnes 2001b).

Dose range finding is an important issue in development of new therapies,
and there is high sensitivity and reproducibility of FEyo measurements in rela-
tion to inhaled corticosteroids. Recently, a dose-dependent onset of anti-inflam-
matory action of inhaled corticosteroids has been demonstrated on FEyo and
asthma symptoms in a small number (n=28) of mild asthma patients who were
treated with 100 or 400 ug budesonide, or placebo once daily for 3 weeks in a
double-blind, placebo-controlled, parallel group study (Kharitinov et al. 2000;
Kharitonov and Barnes 2001a). Long-term prospective clinical studies are neces-
sary to prove that exhaled NO can be used to optimise doses of anti-inflamma-
tory treatment. Breath analysis is currently a research procedure, but there is in-
creasing evidence that it may have an important place in the diagnosis and man-
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agement of lung diseases in the future (Kharitonov and Barnes 2000). This will
drive the development of cheaper and more convenient analysers, which can be
used in a hospital and later as personal monitoring devices for use at home by
patients in clinical trials.

2.10
Sputum Analysis

The analysis of induced sputum is increasingly performed as a means of assess-
ing airway inflammation (Gibson et al. 1989; Pin et al. 1992). Sputum induction
by the inhalation of nebulised hypertonic saline has been demonstrated to be a
relatively safe and effective method of enabling sputum expectoration (Fahy
1998; Vlachos-Mayer et al. 2000). Sputum processing generally consists of se-
lecting the solid mucinous portion of sputum that is liquefied by reduction with
dithiothreitol (DTT), and using the cellular portion to produce cytospins for
light microscopy, while employing the supernatant for analysis of soluble pro-
teins and mediators. In response to the expanding volume of sputum research,
the European Respiratory Society has set up an international task force to stan-
dardise sputum induction and processing methodology, and their important re-
port is now completed (European Respiratory Society Task Force 2002).

In ancient Greece phlegm was regarded by Hippocrates as one of the four hu-
mours fundamental to disease. Yet it was not until the nineteenth century that
microscopy was used to demonstrate the presence of sputum eosinophilia in
asthma (Gollasch 1889) that was later shown to be associated with Charcot-
Leyden crystals and Curschmann’s spirals (Sakula 1986). In the 1950s, sputum
microscopy was used in the diagnosis and monitoring of asthmatic patients
(Hansel 1953; Brown 1958). EE. Hargeave and his team in Hamilton, Ontario
(Canada) have done most in recent years to establish sputum analysis, including
providing detailed methods of sputum induction, processing and microscopy
(Efthimiadis et al. 1997). Nevertheless, a series of reviews and editorials reflect
the considerable variations in methodology still present (O’Byrne and Inman
1996; Pavord et al. 1997; Fahy 1998; Kips et al. 1998; Kips and Pauwels 1998;
Magnussen and Holz 1999; Djukanovic 2000; Holz et al. 2000; Jayaram et al.
2000; Magnussen et al. 2000).

Pretreatment with a bronchodilator, the duration of sputum induction, the
output of the nebuliser, and the tonicity of saline all influence the frequency
of bronchospasm during sputum induction (Schoeffel et al. 1981; Fahy 1998;
Wong and Fahy 2002). However, despite bronchoprotection, it has been demon-
strated—in a retrospective review of 351 inductions—that 12% of asthmatic
subjects developed bronchospasm (Wong and Fahy 2002). In a study in severe
asthma, sputum induction had to be stopped due to side effects in 12% of pa-
tients (de la Fuente et al. 1998). Furthermore, sputum induction has been
performed in asthmatic patients with an FEV; of less than 60% of predicted
(Vlachos-Mayer et al. 2000), while isotonic saline has been used in adults with
acute severe exacerbations of asthma (Wark et al. 2001). In addition, the safety
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of sputum induction has been investigated in a multicentre study (Fahy et al.
2001). In these studies, subjects with bronchoconstriction induced by saline
generally responded promptly to 5,-agonist treatment.

Induced sputum from asthmatics yields better quality cytospins with less
squamous cell contamination than spontaneous sputum; although the leukocyte
differential is similar (Pizzichini et al. 1996b). The hypertonicity of inhaled
saline does not affect sputum cell composition (Bacci et al. 1996), but may cause
reduced interleukin (IL)-8 levels (Belda et al. 2001). Analysis of sequential in-
duced sputum samples has shown that the percentages of eosinophils and neu-
trophils are significantly higher at the beginning of the sputum induction than
at the end (Holz et al. 1998a; Gershman et al. 1999; Moodley et al. 2000), these
differences in sputum composition being more pronounced in healthy subjects
than in asthmatic or COPD patients (Richter et al. 1999). Studies have compared
two sequentially induced sputum samples performed 24 h apart in healthy and
asthmatic subjects (Holz et al. 1998b; Nightingale et al. 1998), and shown a sig-
nificant increase in the proportion of neutrophils with a decrease in macro-
phages at 24 h.

The solid mucinous portion of sputum is generally selected from saliva
(Gibson et al. 1989; Pin 1992; Popov et al. 1994; Pizzichini et al. 1996a), although
whole expectorate is analysed by some workers (De Gouw et al. 1996; Fahy et al.
2002). The introduction of dithiothreitol (DTT) to release the entrapped cells,
and the use of cytospins to generate a monolayer of sputum cells (Fleury-Feith
et al. 1987) has made the quantification and characterisation of cells more reli-
able (Pizzichini 1996a). DTT, while useful for obtaining cells, may interfere with
immunological detection techniques (Woolhouse et al. 2002). Several reports
have shown effects of DTT on the immunological detection of cell surface
markers by flow cytometry (Hansel et al. 1991; Qiu and Tan 1999; Loppow et al.
2000).

An elegant methodological study of IL-5 measurement in sputum superna-
tants identified considerable technical problems due to DTT (Kelly et al. 2000).
A range of validation experiments demonstrated that DTT did not interfere with
the enzyme-linked immunosorbent assay (ELISA) and that the IL-5 molecule re-
mained intact, but the recovery of spiked IL-5 was poor. Recently, a subsequent
study by the same group suggests that proteolytic activity in the sputum sample
may be interfering with the IL-5 measurements. Addition of protease inhibitors
significantly increased the levels of detectable IL-5 (Kelly et al. 2001).

Differential cell counts on sputum cytospins have good interobserver consis-
tency (Boulet et al. 1987; Popov 1994; Gelder et al. 1995; Pizzichini et al. 1996a).
Similarly, the repeatability of differential cell counts and the measurement of
soluble mediators in samples, obtained on different days from clinically stable
patients, has been reported to be good (Boulet 1992). In a multicentre study, the
reproducibility of measurements of cellular and fluid phase parameters in asth-
matics were similar and without any significant centre effects (Pizzichini et
al.1996a). The cell fraction and the fluid phase of induced sputum differ between
asthmatics, smokers with COPD, and healthy subjects, indicating that sputum
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analysis can be used to assist the diagnosis of these conditions (Gibson et al.
1989; Kidney et al. 1996; Pizzichini et al. 1996a).

The relationship between the cellular content in sputum and airway tissue
has been studied by comparing the cellular composition of hypertonic saline-in-
duced sputum with bronchoalveolar lavage fluid (BAL) and bronchial mucosal
biopsies. One such study compared induced sputum with bronchoscopic bron-
chial washing and BAL in healthy volunteers and asthmatics. It showed that spu-
tum had a higher proportion of nonsquamous cells and higher levels of eosino-
phil cationic protein (ECP), albumin, and mucin-like glycoprotein. The eosino-
phil numbers and ECP levels in sputum correlated more closely with those in
bronchial washing than in BAL. The proportion of eosinophils was higher in
sputum and bronchial washing from asthmatic subjects compared with healthy
volunteers (Fahy et al. 1995). In mild to moderate atopic asthmatics the percent-
age of eosinophils in sputum was significantly correlated with that in bronchial
wash and in BAL, whilst there was a trend towards such a correlation between
the number of eosinophils in sputum and the number of EG2* eosinophils in
bronchial biopsies. In addition, the proportion of CD4* lymphocytes correlates
between sputum and BAL (Grootendorst et al. 1997; Pizzichini et al. 1998). An-
other group has shown induced sputum to be relatively rich in eosinophils and
neutrophils, but with less lymphocytes and macrophages compared with bron-
chial washings and BAL fluid (Keatings et al. 1997).

2.1
BAL and Biopsy

Studies with BAL and mucosal bronchial biopsy are important mechanistic
studies for the evaluation of anti-inflammatory therapies for asthma and COPD
(Robinson 1998). A European Society Task Force has issued guidelines for mea-
surements of acellular components and standardization of BAL (Haslam et al.
1999), while the reproducibility of endobronchial biopsy has been established
(Faul et al. 1999). Fluticasone has been shown to lack effects on neutrophils
and CD8* T cells in biopsies from patients with COPD, but have subtle effects
on mast cells (Hattotuwa et al. 2002). Fluticasone has had more convincing ef-
fects on biopsies from patients with asthma, reducing eosinophils, macrophages
and T cells (Faul et al. 1998; Ward et al. 2002). There is high reproducibility of
repeat measures of airway inflammation in stable atopic asthma (Faul et al.
1999).

2.12
High-Resolution Computerised Tomography

High-resolution computerised tomography (HRCT) is defined as thin-section
CT (1- to 2-mm collimation scans), while spiral (helical) CT provides continu-
ous scanning while the patient is moved through the CT gantry. HRCT is useful
in studies on patients with COPD to assess the extent of airway, interstitial and
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vascular disease (Muller and Coxson 2002), as well as detecting bronchiectasis
(O’Brien et al. 2000) and early cancerous lesions. HRCT is sufficiently sensitive
to monitor longitudinal changes in the extent of emphysema (Cleverley and
Muller 2000; Cosio and Snider 2001; Ferretti et al. 2001), and it has been shown
that annual changes in lung density and percentage of low-attenuation area are
detectable with inspiratory HRCT (Soejima et al. 2000). Inflammatory infiltra-
tion of the lung parenchyma is associated with ground glass attenuation,
bronchiolitis can be visualised as parenchymal micronodules, bronchial wall
thickening may occur, and emphysema is manifest by areas of decreased
attenuation. Progression from parenchymal micronodules (bronchiolitis) to em-
physema has been demonstrated in a proportion of smokers over 5 years
(Remy-Jardin et al. 1993; Remy-Jardin et al. 2002). It appears that subtle changes
in progression of lung disease related to ¢;-antitrysin deficiency may be more
readily detected with CT imaging than with pulmonary function testing (Dow-
son et al. 2001a,b), and with a;-antitrysin augmentation therapy annual CT has
proved useful in disease assessment (Dirksen et al. 1997, 1999). In addition,
quantitative CT has also been used as an outcome measure in a study of all-
trans-retinoic acid (ATRA) therapy (Mao et al. 2002). Finally, HRCT can be used
to visualise the small airways and interstitium (King et al. 1999; Hansell 2001),
and has been used in studies on patients with asthma (Mclean et al. 1998; Brown
et al. 2001). Nevertheless, there are considerable challenges in the standardisa-
tion of CT and in the development of methodology for image processing and
analysis.

213
Pharmacogenetics

Pharmacogenetics studies have increasing relevance to the practice of medicine
(Roses 2000), and potential utility for clinical studies in patients with asthma
(Palmer et al. 2002) (see previous chapter, this volume). Multiple single nucleo-
tide polymorphisms (SNPs) in the -adrenoceptor of smooth muscle influence
responses to -agonist (Drysdale et al. 2000), while abnormalities in the ALOX5
gene for leukotriene metabolism caused decreased responses to a 5-lipoxyge-
nase (5L0) inhibitor (Drazen et al. 1999b); and variation in the tumour necrosis
factor (TNF)-a promoter may influence response in TNF-o-directed therapy
(Witte et al. 2002). In addition the ADAM33 gene, corresponding to a mem-
brane-anchored metalloprotease (MMP) is a putative asthma susceptibility gene
(Van Eerdewegh et al. 2002). Patients with COPD may have an amplification of
the normal inflammatory response to cigarettes, that involves a susceptibility to
an environmental factor (Sandford and Silverman 2002).
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2.14
Mortality

FEV, has been demonstrated to correlate with mortality in COPD (Fletcher and
Peto 1977). Weight loss, particularly loss of fat free mass, and a low body weight
are independently unfavourable for survival of COPD patients (Schols et al.
1998). Regular use of fluticasone alone or in combination with salmeterol is as-
sociated with increased survival of COPD patients in primary care (Soriano et
al. 2002). Furthermore, the regular use of low-dose inhaled corticosteroids is
associated with a decreased risk of death from asthma (Suissa et al. 2000).

3
Clinical Trial Designs

3.1
Trial and Error with Herbal Remedies

Herbal remedies have been extensively used as bronchodilators; and f3,-adreno-
ceptor agonists, anti-cholinergics and theophyllines are all based on parent
compounds from plant extracts (Bielory and Lupoli 1999). Indeed the use of
herbal medications goes back to around 1000 B.c., when the ancient Chinese
treated asthma with ma huang, an ephedrine-containing extract that has adre-
noceptor bronchodilator properties. In ancient times assessment of effects of
herbal extracts was based on trial and error, and many subjects were harmed
before useful agents could be identified.

3.2
Tolerability

Inhaled therapies for respiratory disease may be tested in incremental ascending
dose studies in asthma, when serial FEV is generally the preferred endpoint,
without the need for plethysmography. Many inhaled agents are well tolerated
in non-asthmatic volunteers, but may be poorly tolerated in asthmatics. Novel
inhaled therapies for COPD are often best studied in volunteers with mild asth-
ma, since these subjects have responsive airways, and may be more sensitive to
potential bronchoconstrictor effects.

33
Bronchodilators in Asthma

Asthma can be rapidly and numerically assessed on the basis of peak expiratory
flow (PEF) or FEV,. Acute bronchodilation can be studied in patients with mild
asthma who have sufficient bronchoconstriction at baseline, so that there is
“room to improve” FEV, following single dose administration (Fig. 3).
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Fig. 3a, b Diagram to illustrate the study of therapies that cause bronchodilation as distinct from
bronchoprotection. a To assess bronchodilation, the patient with asthma or COPD should have “room
to move” The airway in the upper half of the figure is shown in cross-section and is constricted, while
inhalation of a B;-agonist (3,) causes bronchodilation. The patient begins with an impaired 80% FEV,
as a percentage of predicted, and inhalation of the S3,-agonist causes bronchodilation manifested as an
increase in the FEV; to 100%. b For the assessment of bronchoprotection, the subject with asthma may
have near normal lung function at the outset, with an FEV; of 95-100% predicted. Inhalation of gradu-
ally increasing doses of nebulised methacholine (MC) will establish the provocative concentration of
methacholine to cause a 20% fall in FEV; (PCy). Following the investigational drug, there may be pro-
tection against the bronchoconstrictor effects of methacholine so that an increased concentration of
methacholine is required to cause bronchoconstriction, so there is an increased methacholine PCyg

34
Bronchodilators in COPD

The prolonged effects of the inhaled anticholinergic agent tiotropium bromide
have been demonstrated in terms of bronchoprotection against methacholine-
induced bronchoconstriction in asthma (O’Connor et al. 1996) and the dose-
response relationship established in COPD (Maesen et al. 1995). Acute broncho-
dilator trials in COPD have special clinical trial requirements (Nisar et al. 1992;
Rees 1998): there is the need for additional measurements of exercise dynamic
hyperinflation, exercise endurance, assessment of dyspnoea and HRQOL
(O’Donnell 2000).

3.5
Bronchoprotection

Bronchoprotection can be evaluated in relation to bronchoconstrictor stimuli
such as histamine, methacholine (Crapo et al. 2000), adenosine monophosphate
(AMP), leukotrienes, hyperventilation and exercise.
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3.6
Inhaled Allergen Challenge

Inhaled allergen challenge responses have been extensively studied in relation to
drugs, and effects on the early and late asthmatic reactions (EAR and LAR) as
well as airway hyperreactivity provide important mechanistic insights (Fig. 4).
The inhaled allergen challenge offers the opportunity to study effects on the
EAR and LAR, blood and sputum eosinophils, exhaled breath nitric oxide (NO)
and methacholine airway responsiveness (PC,g). The reproducibility of the in-
haled allergen challenge is excellent, and 12 patients is adequate to reliably
demonstrate 50% attenuation of the early or late asthmatic reaction with greater
than 90% power (Inman et al. 1995). Recently the method of bolus as opposed
to incremental allergen challenge has been validated (Arshad 2000; Taylor et al.
2000). Inhaled allergen challenge should ideally not be repeated at less than
3-week intervals, due to residual AHR (Rasmussen 1991). The use of bolus dose
allergen challenge for repeated tests in the same patient is a safe and validated
method to administer inhaled allergen in clinical trials with valid responses
when compared to incremental dose allergen challenge (Arshad 2000; Taylor et
al. 2000).

Of the anti-inflammatory drugs effective in controlling asthma, all inhibit the
LAR to allergen: this includes steroids, theophyllines, leukotriene antagonists,
cromones, cyclosporin A, anti-IgE (see Table 3 with references attached) (Morley
1992; Boushey and Fahy 2000). However, a number of other agents that are not
effective therapy also cause some inhibition of the LAR, including furosemide,
heparin, PGE2. Hence, the inhaled allergen challenge LAR is useful for position-

Inhaled
AG

l

FEV,

LAR
EAR 3-10h

0-2h

Fig. 4 The dual asthmatic response to inhaled allergen. A patient with allergic asthma inhales increas-
ing incremental doses of allergen to which they have been demonstrated to be sensitive on epidermal
skin prick testing. The allergen may be grass or tree pollen, cat or dog dander, or house dust mite. A
proportion of these subjects develops a dual asthmatic response, in which there is an early asthmatic
reaction (EAR), involving a bronchoconstriction at 0-2 h; followed by a late asthmatic reaction (LAR),
involving bronchoconstriction at 3-10 h
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Table 3 Effects of selected therapeutics on inhaled allergen challenge responses
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Table 3 (continued)

ing a new drug relative to established asthma therapy, but offers a relatively low
hurdle due to false positives. However, we cannot identify anti-inflammatory
therapeutics for asthma that are “false negatives”, in which there is no effect on
the LAR but clinical efficacy.

Of especial interest in relation to inhaled allergen challenge responses has
been a monoclonal antibody directed against IL-5, since IL-5 has an established
role as the major terminal differentiation factor during eosinopoiesis in the
bone marrow (Hamelmann and Gelfand 2001; Sampson 2001). An initial study
in man involved a single intravenous infusion of a humanised MoAb directed
against IL-5 (SB240563) being given to mild allergic asthmatics in a parallel
group, double-blind clinical trial (Leckie et al. 2000), the design of which has
been criticised (O’Byrne et al. 2001; Hansel et al. 2002). There was pronounced
suppression of peripheral blood eosinophil levels for 16 weeks and considerably
reduced numbers of sputum eosinophils after allergen challenge. However, de-
spite these clear effects, anti-IL-5 did not protect against the allergen-induced
LAR and did not inhibit baseline or post-allergen AHR. Hence, the eosinophil
did not seem to be a prerequisite for either AHR or the LAR, and this study sug-
gests that anti-IL-5 therapy may not be clinically useful in the short term for
asthma therapy. Interestingly, recent clinical studies in human allergic asthma
have also found dissociation between AHR and eosinophil levels (Crimi et al.
1998; Rosi et al. 1999).

Interpretation of the anti-IL-5 effects on inhaled allergen challenge must be
made with caution, because even though eosinophil numbers in blood and spu-
tum were reduced by anti-IL-5, it has recently been reported that there are still
residual eosinophils within bronchial mucosal biopsies (late abstract from Dr. P.
Flood-Page et al. at American Academy for Allergy, Asthma and Immunology,
AAAAI New York 2002). This suggests that anti-IL-5 is not removing eosino-
phils from the airway wall, and that additional or alternative therapy will be re-
quired to ablate the eosinophil from the airways. A remaining concern is that an
inhaled allergen challenge study is an artificial “model” situation, and effects on
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clinical symptoms and lung function in patients with symptomatic asthma were
not measured. However, there are preliminary reports that MoAb versus IL-5 is
not clinically effective in treating asthma of different degrees of severity (Kips et
al. 2000, 2001). Hence, further clinical studies are required since anti-IL-5 could
prevent or inhibit airways remodelling as well as exacerbations, although long-
term studies will probably be required to assess this potential.

In the immediate future, the inhaled allergen challenge model is likely to be
extensively employed in studying the pathogenesis of asthma inflammation and
analysis of the relationship with bronchoconstriction and AHR. Allergen chal-
lenge is also likely to remain at the forefront for assessment of new therapeutics
in initial clinical trials and to define novel and relevant targets for new drugs.
However, with our increasing understanding of the allergen challenge model is
recognition that this response involves complex interplay between leukocytes,
numerous tissue cell types, cytokines, chemokines and inflammatory media-
tors.

3.7
Nasal Allergen Challenge

There is a functional and immunological relationship between the nose and
bronchi, both have a ciliated respiratory epithelium, and both can be used to
study mechanisms of eosinophil influx (Passalacqua et al. 2001; de Benedictis et
al. 2001; Passalacqua and Canonica 2001; Vignola et al. 2001). The nose and
bronchi can be challenged with allergens, chemokines and a variety of stimuli.
However, it is much easier to recruit subjects with grass pollen allergic rhinitis
for nasal allergen studies then it is to find subjects for an inhaled allergen chal-
lenge study. In addition, nasal challenge is less clinically stressful than inhaled
challenge, and the nose can be more readily biopsied than the bronchi.

A variety of non-invasive techniques can be used to study changes in the nose
following challenge. Nasal lavages permit studies on the cellular influx and re-
lease of cytokines and chemokines (Greiff et al. 1990). Following nasal allergen
challenge, the kinetics of eotaxin release has been studies in nasal fluid (Greiff
et al. 2001; Terada et al. 2001). Following topical nasal budesonide, nasal aller-
gen challenge caused decreased levels of GM-CSF and IL-5 in nasal fluids col-
lected on filter paper strips (Linden et al. 2000). Nasal challenges have also been
performed with eotaxin (Hanazawa et al. 1999) and IL-8 (Douglass et al. 1994).
Nasal rhinomanometry and nasal symptoms and health status can also be deter-
mined (Juniper and Guyatt 1991; Juniper et al. 2000). Nasal corticosteroids have
effects on nasal late reactions (Pipkorn et al. 1987; Rak et al. 1994; Ciprandi et
al. 2001), but it is difficult to characterise a well-defined late response as ob-
tained in the bronchi (Gronborg et al. 1993).
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Fig. 5 Exercise challenge in asthma. After a 2-min warm up patients exercise on a treadmill for 6 min.
Spirometry is performed at intervals after completion of exercise to 60 min. If after 60 min the FEVq has
not returned to within 5% of the pre-exercise value, additional measurements can be made at 75 and
90 min after exercise. The following endpoints may be assessed: the area under the curve (AUC) for the
percentage decrease in FEV; in the first 60 min after exercise, the maximal decrease in FEV, after exer-
cise, and the time from the maximal decrease in FEV; to the return to within 5% of the FEV; value
before exercise. (Adapted from Leff et al. 1998)

3.8
Exercise-Induced Asthma

For patients with asthma, the ATS has issued guidelines for exercise challenge
(Crapo et al. 2000)(Fig. 5). After a 2-min warm up, patients generally exercise
for a 6-min period on a treadmill while inhaling compressed dry air at room
temperature through a facemask, with a nose clip in place. Exercise is per-
formed at a level that increases the heart rate to 80%-90% of the age-predicted
maximum. Spirometry is then performed at intervals up to 90 min after exer-
cise, with the area under the curve (AUC) estimated for the first 60 min after
challenge. Leukotriene antagonists have been demonstrated to be effective in ex-
ercise-induced bronchoconstriction (Manning et al. 1990; Kemp et al. 1998; Leff
et al. 1998). However, H;-receptor antagonism with loratadine does not protect
against exercise-induced bronchoconstriction (Anderson and Brannan 2002;
Dahlen et al. 2002).

39
Symptomatic Asthma

A range of recent studies have documented effects of anti-leukotrienes on pa-
tients with symptomatic mild to moderate asthma that are on inhaled f;-ago-
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nists only (Crapo et al. 2000). These study designs provide a more clinically
relevant “wild-type” population for studying potential efficacy than utilising an
allergen challenge. An important study was to demonstrate that regular use of
an inhaled corticosteroid (budesonide) is superior to regular use of inhaled S,-
agonist (terbutaline) (Haahtela et al. 1991), but that discontinuation of therapy
is often accompanied by exacerbation of asthma (Haahtela et al. 1994). Convinc-
ing efficacy of inhaled corticosteroids can be demonstrated in groups of less
than 12 symptomatic patients within 4 weeks of therapy (Jatakanon et al. 1999;
Lim et al. 1999).

3.10
Studies with Inhaled Corticosteroids

A whole range of important clinical studies are still being performed on inhaled
corticosteroids (ICS) themselves. These address such questions as dose-
response finding (Kelly 1998; O’Byrne and Pedersen 1998; Taylor et al. 1999;
Jatakanon et al 1999), the possibility of once-a-day steroids, establishing a ther-
apeutic index (Kelly 1998; O’Byrne and Pedersen 1998) and effects on bones
and growth (Efthimiou and Barnes 1998). Acute anti-inflammatory effects of in-
haled budesonide can be demonstrated by a single dose of 2,500 ug (Gibson et
al. 2001).

3.1
Corticosteroid Add-on Studies

Since many patients with asthma are treated with ICS, it is important to consid-
er a range of trial designs in these subjects (Fig. 6). Theophylline and mon-
telukast have been studied as add-on agents in asthmatics already receiving in-

Fig. 6 The majority of patients with moderate and severe asthma are generally taking inhaled cortico-
steroid {/CS) medication. Following a run-in period when patients are generally shown to be symptom-
atic, the study drug can be added on in a “capping” design. Gradual titration of a dose of ICS may be
performed on a weekly basis, alternatively there may be an abrupt discontinuation of I1CS
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852 moderately severe asthmatics

Fig. 7 The design of the FACET (Formoterol and Corticosteroid Enabling Therapy) study. The effect of
inhaled formoterol and budesonide on exacerbation of asthma was studied (Pauwels et al. 1997). Dur-
ing the run-in period of 4 weeks, patients had to have stable asthma. In the randomisation treatment
of 12 months, all patients had a reduction of budesonide, with two of the four groups receiving
formoterol. bd, Twice daily

haled and oral corticosteroids (Evans et al. 1997b; Laviolette et al. 1999) (Fig. 7).
A major clinical development in the past decade is the recognition of “add-on”
therapy with long-acting f,-agonists and moderate doses of inhaled corticos-
teroids (NIH and NHLBI 2002), and the availability of combination products
with these agents in a single inhaler (Nelson 2001; Zetterstrom et al. 2001). The
leukotriene antagonists have been demonstrated to be of lesser efficacy than
long-acting f;-agonists as add-on therapy (Drazen et al. 1999a; Laviolette et al.
1999).

3.12
Corticosteroid Titration Studies

Corticosteroid titration is a system for stepwise reduction in the dose of ICS
(Gibson et al. 1992; Veen et al. 1999). Patients with asthma may need to be
screened for this type of study, since only some asthmatics become immediately
symptomatic on decreasing their dose of inhaled steroids. Many asthmatics will
remain nonsymptomatic even on completely withdrawing their inhaled steroid,
but can suddenly have an exacerbation due to infection, allergen or other trig-
gers.

3.13
Corticosteroid Abrupt Discontinuation Studies

Soluble IL-4 receptor (Nuvance, Immunex) binds IL-4 before it can bind to the
cell receptor, suppressing IgE production by B cells, and eosinophil migration
into the airways. Inhaled Nuvance proved very promising in preliminary studies
involving abrupt withdrawal of inhaled corticosteroids in patients with asthma
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(Borish et al. 1999; Borish et al. 2001), but larger scale clinical studies in both
mild and moderate asthma were discontinued in 2001 due to lack of efficacy.
Discontinuation of inhaled fluticasone in COPD has been shown to cause higher
risk of exacerbations (van der Valk et al. 2002).

3.14
Severe Asthma

Patients with severe asthma have disease involving more fixed airways obstruc-
tion, airways remodelling, and a tendency for neutrophilic as well as eosinophil-
ic and IgE-mediated disease. A chimaeric monoclonal antibody against CD4 has
recently been shown to be effective in chronic severe asthma (Kon et al. 1998).

Clinical studies have been carried out in patients with severe asthma to assess
cyclosporin A (Lock et al. 1996) and recently with anti-IgE (Milgrom et al. 1999;
Busse et al. 2001; Milgrom et al. 2001; Soler et al. 2001). Novel therapies in the
future will need to be tested on patients receiving both inhaled corticosteroids
and long-acting f,-agonists (Fig. 8). This is because combined use of inhaled
steroids and inhaled long-acting f,-agonists is now established as therapy for
moderate persistent asthma (NIH and NHLBI 2002).

N = 200 per group,
Moderate asthma
RUN-IN 1 year

4 weeks 4
combined T Novel therapy : high dose
ICS + LA-B,-agonist

Novel therapy : low dose

Primary Endpoint
exacerbations :
rate, time to, severity

Placebo

1. Symptomatic in run-in : capping or add on study
2. Stable in run-in : ICS reduction

Fig. 8 Proposal for the design of a study to assess a novel therapy in patients receiving combined in-
haled corticosteroids (/CS) and long-acting S,-agonists (LABA). During the run-in phase patients may
be either symptomatic or stable (cf. FACET). Patients with moderate persistent asthma (GINA step 3)
are now recommended ICS and LABA as first-line daily controller medication [National Institutes of
Health (NIH) and National Heart Lung and Blood Institute (NHLBI) 2002]. It is also possible to incorpo-
rate ICS or oral corticosteroid titration within this design
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3.15
Natural History and Disease Modification

It is a major challenge to study long-term effects of drugs on the airways in the
context of structural changes in the airways that comprise airways remodelling
(Redington and Howarth 1997; Bousquet et al. 2000; Holgate et al. 2000b). Cur-
rent asthma therapy is palliative and neither curative nor disease modifying,
and only a minority of asthmatics achieve a long-lasting remission (van Essen-
Zandvliet et al. 1994). There are considerable ethical and clinical trial issues in
studying the influence of immunomodulatory agents in the context of allergen
and peptide immunotherapy. Agents such as IL-12, CpG oligodeoxynucleotides
and Mycobacterium vaccae (SRL 172) have potential as adjuvants, but therapy
may be required in childhood for genetically susceptible individuals in the con-
text of allergen therapy (Huang 1998; Hasko and Szabo 1999; Van Uden and Raz
1999). As with disease-modifying anti-rheumatoid therapies (DMART) it is im-
portant to demonstrate disease modification in terms of prolonged efficacy fol-
lowing cessation of treatment.

So far no therapeutic intervention except for smoking cessation has been
shown to reduce the rate of loss of lung function in COPD (Scanlon et al. 2000).
Studies on the natural history of COPD involve monitoring post-bronchodilator
FEV, in considerable numbers of patients over a number of years. Four major
studies have recently been performed on effects of inhaled corticosteroids (ICS)
on the longitudinal decline in post-bronchodilator FEV, over 3 years in patients
with mild (Pauwels et al. 1999; Vestbo et al. 1999) or moderate to severe COPD
(Burge 1999; Burge et al. 2000; Lung Health Study Research Group 2000). Al-
though effects on FEV, are modest, ICS are effective in preventing exacerbations
in the moderate to severe group, and cause improvement in health status. The
European points to consider on COPD studies suggest that studies on symptom-
atic relief should be for at least 6 months, while to claim that a therapy prevents
disease progression will require prolonged studies (EMEA CPMP 1999). They
also suggest that one design to assess effects on disease progression is to ran-
domise patients to continue or stop treatment after a long period of treatment,
and then examine the rapidity and extent at which benefit is lost. Design strate-
gies for longitudinal spirometry have recently been elegantly reviewed (Wang et
al. 2000).

Oral Ariflo is a second generation phosphodiesterase (PDE) type 4 inhibitor
that selectively inhibits the low-affinity rolipram binding conformer of PDE4
(PDEA4L) (Giembycz 2002), in an effort to minimise potential for nausea and
vomiting (Torphy et al. 1999). In a 6-week study in 424 patients with COPD,
Ariflo at 15 mg b.i.d. resulted in a maximum mean difference in trough clinic
FEV, compared to placebo of 160 ml, representing an 11% improvement. This
study included current and ex-smokers, with patients not currently receiving in-
haled corticosteroids. It is encouraging that effects on FEV; could be demon-
strated over a 6-week period in a group of approximately 100 subjects with
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COPD. Large-scale studies will be required to assess whether Ariflo may be able
to affect the natural history of COPD.

Roflumilast has been described as a third-generation PDE4 inhibitor that is
non-selective for PDE4 isoenzymes B and D. Roflumilast has been demonstrated
to be efficacious in causing 43% inhibition of the LAR following inhaled aller-
gen challenge (van Schalkwyk et al. 2002), has achieved comparable efficacy to
beclomethasone in asthma (Albrecht et al. 2002), has effects in exercise-induced
asthma (Timmer et al. 2002), and has been shown to be effective on FEV, in
COPD (Bredenbroker et al. 2002).

3.16
Weight Loss and Muscle Wasting in COPD

There is increasing evidence for a role for TNF-¢ in asthma (Thomas 2001), and
a soluble TNF receptor construct (Nuvance, Immunex) and a monoclonal anti-
body (Remicade, Centocor) are licensed for use in severe rheumatoid arthritis
and Crohn’s disease (Feldman et al. 1998). These agents are attractive candi-
dates as add-ons for severe asthma, as well as the treatment of cachexia associ-
ated with COPD. Should efficacy be demonstrated in proof-of-concept studies,
synthetic low MW chemicals could be used to target TNF-o. Emiel Wouters and
colleagues have performed extensive studies on subjects with weight loss and
nutritional depletion in patients with COPD (Schols et al. 1993, 1995, 1998;
Wouters 2000). Indeed it would be possible to study relatively small numbers of
well-defined patients with extra-pulmonary systemic nutritional depletion in
clinical trials.

3.17
Exacerbations in Asthma: Prevention and Treatment

At present we do not have a universally accepted definition of an exacerbation
of asthma (Tattersfield et al. 1999). The FACET study with inhaled formoterol is
an important example of a large-scale 12-month study that prospectively stud-
ied exacerbations of asthma (Pauwels et al. 1997; Kips and Pauwels 2001). A
humanised anti-IgE monoclonal antibody (Xolair, Novartis-Genentech) is the
first biotechnology product to be licensed for treatment of severe asthma
(Chang 2000). Subcutaneous injections of recombinant human anti-IgE (rhuM-
Ab-E25) have now completed a range of studies in moderate to severe asthma
that have noted efficacy in terms of prevention of exacerbations and a decreased
need for oral and inhaled steroids (Milgrom et al. 1999; Soler et al. 2001; Busse
et al. 2001; Milgrom et al. 2001). Anti-IgE causes a reduction in the early and late
phases following allergen challenge and decreased eosinophil counts in the
sputum (Fahy et al. 1999).

Treatment of emergency asthma is a distinct clinical need with a requirement
for more rapidly acting therapy, since hospitalisation generally occurs for a pe-
riod of at least 4 days (McFadden and Hejal 1995). Children with acute severe
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asthma should be treated with oral prednisone and not inhaled corticosteroids
(Schuh et al. 2000). Therapies that target TNF have the potential to cause rapid
onset of anti-inflammatory effects in emergency asthma. It is important to stress
that asthmatics may be vulnerable to exacerbations even when asthma is
brought under control (Reddel et al. 1999).

3.18
Exacerbations in COPD: Prevention and Treatment

There have been efforts to provide a consensus definition for COPD exacerba-
tions (Rodriguez-Roisin 2000), as well as evidence-based guidelines to manage
acute exacerbations of COPD (Bach et al. 2001; Snow et al. 2001). An interesting
design to assess the effects of therapy in preventing exacerbations was to employ
inhaled fluticasone propionate for 6 months over the winter in COPD patients
with a history of at least one winter exacerbation per year for the past 3 years
(Paggiaro et al. 1998). In addition, inhaled corticosteroids have been demonstra-
ted to prevent exacerbations in a 3-year study on patients with moderate to se-
vere COPD (Burge et al. 2000). With regard to treatment of exacerbations, there
has been documented moderate improvement in clinical outcome when using
oral prednisolone or nebulised budesonide (Niewoehner et al. 1999; Maltais et
al. 2002). However, a major disappointment was that a clinical study on treat-
ment of exacerbations of COPD with recombinant human DNAse (dornase alfa,
Genentech) had to be stopped, since a trend for increased mortality was noted
on interim analysis (Hudson 1996).

4
Conclusion

Based on better understanding of the genetics and molecular pathophysiology
that underlies asthma and COPD, novel rational biotechnology therapies are
currently being tested in clinical trials (Hansel and Barnes 2001). Initial studies
in man with protein therapeutics that target inflammation are sometimes being
used as a “proof of concept”, and a successful study would justify a research
programme to identify rational low-molecular-weight synthetic follow-up oral
compounds. Most of the new drugs for asthma and COPD inhibit components
of inflammatory responses, and in the future there are real possibilities for the
development of preventative and even curative treatments. We can expect clini-
cal studies to involve assessment of genotypes and phenotypes to identify po-
tential responders to specific therapies, as well as more sensitive monitoring of
lung function, imaging methods and biomarkers of inflammation.
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Abstract Both asthma and chronic obstructive pulmonary disease (COPD) in-
volve chronic inflammation of the airways and many new therapies are directed
to suppressing or preventing the inflammatory response. The nature of the in-
flammatory process differs between the two diseases, so that different anti-in-
flammatory drugs may be needed. However, broad-spectrum anti-inflammatory
therapies may be effective in both diseases. This chapter considers some of the
new drugs in development that have not been included in previous chapters and
discusses inhibitors of specific inflammatory mediators and proteases and in-
hibitors of transcription factors and signal transduction pathways (kinase in-
hibitors). Inhibitors of the allergic process that are relevant to asthma therapies
and drugs that may reverse the tissue destruction of emphysema that are rele-
vant to COPD are also discussed.

Keywords Anti-inflammatory - Inflammatory mediator - Cytokine - Chemokine

1
Introduction

Inflammation is a key feature of asthma and chronic obstructive pulmonary dis-
ease (COPD) and therefore a major target of chronic therapy. The importance of
anti-inflammatory therapy in asthma has been underlined by the high efficacy
of inhaled corticosteroids in almost all patients (see chapter “Corticosteroids”,
this volume). By contrast, corticosteroids have little or no anti-inflammatory ac-
tion in COPD, highlighting the fundamental differences between these inflam-
matory diseases and reflecting marked differences in the components of inflam-
mation (Barnes 2000). There are still concerns about systemic effects of inhaled
corticosteroids when high doses are needed and there are some patients when
even high does of oral or inhaled corticosteroid do not adequately control the
disease. This and the lack of response to corticosteroids in COPD have prompt-
ed the search for new classes of anti-inflammatory drugs. Some of these ap-
proaches have been covered in preceding chapters, including mediator antago-
nists (Thomson), selective phosphodiesterase inhibitors (Jones et al.), cytokine
modulators (Barnes), adhesion molecule inhibitors (Lever and Page) and anti-
allergic drugs (Dziadzio et al.).

2
Mediator Antagonists

Many different inflammatory mediators have been implicated in asthma and
COPD, and several specific receptor antagonists and synthesis inhibitors have
been developed which have proved to be useful in working out the contribution
of each mediator (Barnes et al. 1998b; Barnes 2003). As over 100 mediators
probably contribute to the pathophysiology of airway diseases and many media-
tors have similar effects, it is unlikely that a single antagonist could have a
major clinical effect, compared with non-specific agents such as B-agonists and
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corticosteroids. Histamine and leukotriene receptor antagonists are discussed in
the earlier chapter by Thomson, but there are several other inflammatory path-
ways that have been considered for asthma and COPD.

2.1
Leukotriene Inhibitors

Cysteinyl-leukotriene (Cys-LT) receptor antagonists have been discussed in
detail by Thomson (this volume). Leukotriene By, like Cys-LTs, is generated via
5'-lipoxygenase but has neutrophil chemotactic activity mediated via distinct
BLT;-receptors. The concentration of LTB, is increased in exhaled breath con-
densate of patients with asthma, particularly in severe asthma (Csoma et al.
2002; Montuschi et al. 2002) and in exhaled breath and sputum of patients with
COPD (Hill et al. 2000; Montuschi et al. 2000b). Two subtypes of receptor for
LTB, have been described: BLT, receptors are mainly expressed on granulocytes
and monocytes, whereas BLT, receptors are expressed on T lymphocytes
(Yokomizo et al. 2000). Several BLT;-antagonists have been developed, including
SC-53228, CP-105,696, SB 201146 and BIIL284 (Silbaugh et al. 2000). One of
these drugs, LY29311, failed to inhibit allergen-induced responses in asthmatic
patients (Evans et al. 1996), but might have a role in more severe asthma and
during exacerbations where neutrophil recruitment is evident. In patients with
COPD, LY293111 inhibits the neutrophil chemotactic activity of sputum from
COPD patients, indicating the potential clinical value of such drugs (Crooks et
al. 2000). LTB, is synthesised by 5'-lipoxygenase (5-LO), of which there are
several inhibitors, although there have been problems in clinical development of
drugs in this class because of side effects.

22
Prostaglandin Inhibitors

Prostaglandins have potent effects on airway function and there is increased ex-
pression of the inducible form of cyclo-oxygenase (COX)-2 in asthmatic airways
(Taha et al. 2000), but inhibition of their synthesis with COX inhibitors, such as
aspirin or ibuprofen, does not have any effect in most patients with asthma.
Some patients have aspirin-sensitive asthma, which is more common in some
ethnic groups, such as eastern Europeans and Japanese (Hirai et al. 2001). It is
associated with increased expression of LTC, synthase, resulting in increased
formation of Cys-LTs, possibly because of genetic polymorphisms (Cowburn et
al. 1998). Recent evidence suggests that COX-2 inhibitors are safe in patients
with aspirin-sensitive asthma, indicating that it is inhibition of COX-1 which
somehow induces asthma symptoms (Martin-Garcia et al. 2002; Woessner et al.
2002). There is no evidence that COX-2 inhibitors are actually beneficial in
asthma or in COPD, however.

Prostaglandin (PG)D, is a bronchoconstrictor prostaglandin produced pre-
dominantly by mast cells. Deletion of the PGD, receptors in mice significantly
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inhibits inflammatory responses to allergen and inhibits airway hyperrespon-
siveness (AHR), suggesting that this mediator may be important in asthma
(Matsuoka et al. 2000). Recently it has also been discovered that PGD, activates
a novel chemoattractant receptor termed chemoattractant receptor of T helper
(Th)2 cells (CRTH2), which is expressed on Th2 cells, eosinophils and basophils
and mediates chemotaxis of these cell types and may provide a link between
mast cell activation and allergic inflammation (Hirai et al. 2001). There is a
search for inhibitors of CRTH2, but the fact that blocking the production of
PGD, with COX inhibitors is not beneficial in asthma, makes this approach un-
promising.

23
Endothelin Antagonists

Endothelins are potent peptide mediators that are vasoconstrictors and bron-
choconstrictors (Hay et al. 1996; Goldie et al. 1999). Endothelin-1 levels are in-
creased in the sputum of patients with asthmaj; these levels are modulated by
allergen exposure and steroid treatment (Chalmers et al. 1997; Redington et al.
1997). Endothelin-1 is also increased in sputum of patients with COPD, particu-
larly during exacerbations (Roland et al. 2001). Endothelins induce airway
smooth muscle cell proliferation and promote a pro-fibrotic phenotype and
may therefore play a role in the chronic inflammation and airway remodelling
in asthma. Endothelin-1 is released by hypoxia and may be involved in the sec-
ondary pulmonary hypertension in patients with COPD (Giaid et al. 1993).

Several relatively potent antagonists of endothelin receptors have now been
developed (Benigni et al. 1999). Both ET, and ETj receptors may be involved in
bronchoconstriction, vasoconstriction and structural changes, so that non-
selective antagonists are preferred.

24
Antioxidants

As in all inflammatory diseases, there is increased oxidative stress in asthma
and COPD, as activated inflammatory cells, such as macrophages, eosinophils
and neutrophils produce reactive oxygen species. In COPD, cigarette smoking
imposes an additional oxidative stress. Evidence for increased oxidative stress
in asthma and COPD is provided by the increased concentrations of 8-iso-
prostane (a product of oxidized arachidonic acid) in exhaled breath condensates
(Montuschi et al. 1999; Montuschi et al. 2000a) and increased ethane (a product
of oxidative lipid peroxidation) in exhaled breath (Paredi et al. 2000a,b). In-
creased oxidative stress is related to disease severity and may amplify the in-
flammatory response and reduce responsiveness to corticosteroids, particularly
in severe disease and during exacerbations and in COPD. Oxidative stress im-
pairs responsiveness to corticosteroids by inhibition of histone deacetylase
activity (probably through the formation of peroxynitrite) (Ito et al. 2001),
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which is the major mechanism whereby corticosteroids switch off inflammatory
genes (see Barnes’ chapter “Corticosteroids”). Antioxidants are therefore a logi-
cal approach in asthma therapy, particularly in severe asthma and in COPD.
However, existing antioxidants are weak and are not able to neutralise the high
level of oxidative stress in the airways, so that more potent antioxidants are
needed in the future (Cuzzocrea et al. 2001).

25
Purine Receptor Modulators

It is now clear that a characteristic feature of asthma is bronchial hyperrespon-
siveness to a wide range of stimuli and that in particular, subjects with asthma
will respond to inhaled adenosine, a substance that consistently fails to produce
an airways response in non-asthmatics. As such, this feature may be phenotypic
for asthma and therefore an important pathway to regulate (Spina et al. 2002).
Adenosine is able to activate at least four receptor types that have been pharma-
cologically classified and cloned, which are referred to as A;, Ay, Ay, and As.
Whilst the receptors responsible for the exaggerated responses to adenosine in
asthma have yet to be fully elucidated, the only investigation using lung tissue
from subjects with asthma reports that even in vitro, airway tissues from asth-
matics respond to adenosine, whereas tissues from subjects who do not have
asthma do not respond to adenosine and that this effect of adenosine in asth-
matic tissue is very clearly an A;-mediated response by the use of well estab-
lished pharmacological agents (Bjork et al. 1992). These data on asthmatic tissue
are also supported by work in allergic rabbits which exhibit many changes that
are similar to allergic asthmatics (Herd et al. 1996) in that in this species there
is an exaggerated response to inhaled adenosine and selective A, receptor ago-
nists such as N°-cyclopentyladenosine (CPA)-mediated via activation of A; re-
ceptors (Ali et al. 1994; El-Hashim et al. 1996), a phenomenon that can also be
seen in airway tissue taken from allergic, but not normal rabbits (Ali et al.
1994). Furthermore, work with an A; anti-sense oligonucleotide has reported
that the allergen-induced changes can be abrogated in this allergic rabbit model,
further supporting the role of A; receptors (Nyce et al. 1997). Interestingly,
bamifylline, a drug that has been used orally to treat asthma and COPD in
Europe for many years (Catena et al. 1998), is an effective A, receptor antagonist
that, unlike theophylline, has no phosphodiesterase (PDE)-inhibiting activity
(Abbracchio and Cattebini 1987). Analogues of bamifylline such as L-971 are
currently in development for the treatment of asthma as novel orally active A,
receptor antagonists (Obiefuna et al. 2003).

Whilst Ay, has been reported to be an important receptor for activation of
mast cells (Foekistov et al. 1995), similar data have not been reported on other
airway inflammatory cells for subjects with asthma (Ezeamuzie et al. 1999;
Landells et al. 2000). The effects of adenosine are markedly potentiated by prior
exposure to allergen (Hannon et al. 2001). A, receptor antagonists may there-
fore be of value in inhibiting mast cell activation in asthma, although it has been
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difficult to identify selective compounds (Fozard et al. 2002b). On the other
hand, adenosine has an inhibitory effect on neutrophils, eosinophils and airway
nerves mediated via adenosine A,, receptors (Yukawa et al. 1989; Morimoto et
al. 1993). This has led to the development of A,, agonists and several selective
drugs are in development, such as CGS 21680, which inhibits allergic inflamma-
tion in rats (Fozard et al. 2002a). Some groups have also implicated A; largely
because of the observation that the As receptor is expressed on eosinophils.
However, recent clinical work with a monoclonal antibody to interleukin (IL)-5
(Leckie et al. 2000) and rh-IL-12 (Bryant et al. 2000) have questioned the role of
the eosinophil in asthma, bringing the role of A; antagonists in to question as
therapeutic agents for the treatment of asthma.

Adenosine 5'-triphosphate (ATP) may also be a mediator of asthma acting
through P, receptors. ATP enhances the release of mediators from sensitised
human mast cells via P,y, receptors, which are also expressed on eosinophils
(Mohanty et al. 2001), suggesting that P,y, antagonists may be beneficial
(Schulman et al. 1999).

2.6
Nitric Oxide

Nitric oxide (NO) is produced by several cells in the airway by NO synthases
(Gaston et al. 1994; Barnes et al. 1995). Although the cellular source of NO with-
in the lung is not known, inferences based on mathematical models suggest that
it is the large airways which are the source of NO (Silkoff et al. 2000). Current
data indicate that the level of NO in the exhaled air of patients with asthma is
higher than the level of NO in the exhaled air of normal subjects (Kharitonov et
al. 2001) and this is likely to be derived from inducible NO synthase (iNOS),
which shows increased expression in asthmatic patients, particularly in airway
epithelia cells and infiltrating inflammatory cells (Saleh et al. 1998; Guo et al.
2000). The combination of increased oxidative stress and NO derived from iNOS
leads to the formation of the potent radical peroxynitrite that may result in ni-
tration of proteins in the airways (Saleh et al. 1998). Peroxynitrite may nitrate
certain histone deacetylases, thus impairing responsiveness to corticosteroids.
This suggests that an inhibitor of iINOS might be useful in the treatment of asth-
ma, particularly in patients with severe disease in whom it may restore steroid
responsiveness and make asthma control easier to achieve. Exhaled NO is not
elevated in COPD to the same extent as in asthma (Maziak et al. 1998), probably
as NO gas is converted to peroxynitrite in the presence of oxidative stress and
there is evidence for increased iNOS expression and nitrotyrosine formation in
alveolar macrophages from patients with COPD (Ichinose et al. 2000).

Several potent and long-lasting iNOS inhibitors are now in development. One
of these, L-NIL, given orally markedly reduces the levels of exhaled NO for sev-
eral days, indicating that it may have the required pharmacological properties
(Hansel et al. 2003).
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3
Protease Inhibitors

3.1
Tryptase Inhibitors

Mast cell tryptase has several effects on airways, including increasing respon-
siveness of airway smooth muscle to constrictors, increasing plasma exudation,
potentiating eosinophil recruitment and stimulating fibroblast and airway
smooth muscle proliferation (He et al. 1997). Some of these effects are mediated
by activation of the proteinase-activated receptor, PAR2, which is widely ex-
pressed in the airways of asthmatic patients (Knight et al. 2001). A tryptase in-
hibitor, APC366, is effective in a sheep model of allergen-induced asthma (Clark
et al. 1995), but was only poorly effective in asthmatic patients (Krishna et al.
2001). More potent tryptase inhibitors and PAR2 antagonists are in development
(Slusarchyk et al. 2002).

3.2
Elastase Inhibitors

There is compelling evidence for an imbalance between proteases that digest
elastin (and other structural proteins) and antiproteases that protect against
this. This suggests that either inhibiting these proteolytic enzymes or increasing
endogenous antiproteases may be beneficial and theoretically should prevent
the progression of airflow obstruction in COPD. Considerable progress has been
made in identifying the enzymes involved in elastolytic activity in emphysema
and in characterising the endogenous antiproteases that counteract this activity
(Shapiro et al. 1999; Stockley 1999).

One approach is to give endogenous antiproteases [a;-antitrypsin, secretory
leukoprotease inhibitor, elafin, tissue inhibitors of matrix metalloproteinase
(MMP)], either in recombinant form or by viral vector gene delivery. These ap-
proaches are unlikely to be cost effective, as large amounts of protein have to be
delivered and gene therapy is unlikely to provide sufficient protein.

A more promising approach is to develop small molecule inhibitors of pro-
teinases, particularly those that have elastolytic activity. Small molecule in-
hibitors, such as ONO-5046 and FR901277, have been developed which have
high potency (Kawabata et al. 1991; Fujie et al. 1999). These drugs inhibit neu-
trophil elastase-induced lung injury in experimental animals, whether given by
inhalation or systemically and also inhibit the other serine proteases released
from neutrophils cathepsin G and proteinase-3. Small molecule inhibitors of
neutrophil elastase are now entering clinical trials, but there is concern that neu-
trophil elastase may not play a critical role in emphysema and that other pro-
teases are more important in elastolysis. Inhibitors of elastolytic cysteine
proteases, such as cathepsins K, S and L that are released from macrophages
(Punturieri et al. 2000) are also in development (Leung-Toung et al. 2002).
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MMPs with elastolytic activity (such as MMP-9) may also be a target for drug
development, although non-selective MMP inhibitors, such as marimastat, ap-
pear to have considerable side effects. It is possible that side effects could be re-
duced by increasing selectivity for specific MMPs or by targeting delivery to the
lung parenchyma. MMP-9 is markedly overexpressed by alveolar macrophages
from patients with COPD (Russell et al. 2002), so a selective inhibitor might be
useful in the treatment of emphysema. Certain sulphated polysaccharides have
also been reported to inhibit the effects of elastase, including the ability to in-
hibit elastase-induced emphysema in a variety of species (Lungarella et al. 1986;
Lafuma et al. 1990).

4
Transcription Factor Inhibitors

Transcription factors, such as nuclear factor (NF)-xB and activator protein
(AP)-1, play an important role in the orchestration of inflammation in asthma
and COPD (Barnes et al. 1998a; Li et al. 2002), and this has prompted a search
for specific blockers of these transcription factors.

4.1
NF-xB Inhibitors

NF-xB is naturally inhibited by the inhibitory protein IxB, which is degraded
after activation by specific kinases (IKK). IKK2 is the isoenzyme that is impor-
tant for activation of NF-xB by inflammatory stimuli (Delhase et al. 2000). In-
hibitors of IKK2 or the proteasome, the multifunctional enzyme that degrades
IxB, would thus inhibit NF-xB and there is a search for such inhibitors. There
are some naturally occurring inhibitors of NF-xB, such as the fungal product
gliotoxin (Pahl et al. 1996), although this compound is toxic. Several small mol-
ecule inhibitors of IKK2 have now been developed and are in clinical develop-
ment (Roshak et al. 2002). These drugs should be of value in asthma and COPD,
as in both diseases many of the abnormally expressed inflammatory genes are
regulated by NF-xB. There are concerns that inhibition of NF-«xB may cause side
effects such as increased susceptibility to infections, which as been observed in
gene disruption studies when components of NF-kB are inhibited (Barnes et al.
1997). One concern about long-term inhibition of NF-«B is that effective in-
hibitors may result in immune suppression and impair host defences, since
mice which lack NF-xB genes succumb to septicaemia. However, there are alter-
native pathways of NF-xB activation that might be more important in inflamma-
tory disease (Nasuhara et al. 1999).
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4.2
NF-AT/Calcineurin Inhibitors

Cyclosporin A, tacrolimus and pimecrolimus inhibit T lymphocyte function by
inhibiting the transcription factor NF-AT (nuclear factor of activated T cells) by
blocking activation of calcineurin. This results in suppression if IL-2, IL-4, IL-5,
IL-13 and granulocyte-macrophage colony-stimulating factor (GM-CSF), and
therefore these drugs have therapeutic potential in asthma. However, cyclospor-
in A is of little value in chronic asthma as the dose is probably limited by toxic-
ity (Evans et al. 2001). These drugs have serious side effects, particularly neph-
rotoxicity, and this limits their usefulness in a common disease such as asthma.
Inhaled formulations of cyclosporin and tacrolimus are being tested for efficacy
in asthma, but it remains to be determined whether this would give a favourable
therapeutic ratio, as the drugs may be absorbed into the systemic circulation
from the lungs. Rapamycin (sirolimus) has a similar action to calcineurin in-
hibitors, but acts more distally and has a different toxicity. The role of cal-
cineurin inhibitors in COPD has not been explored, but the increased numbers
of activated CD8" and CD4" cells, particularly in severe disease, suggest that this
approach may be useful.

4.3
GATA-3 Inhibitors

GATA-3 plays a key role in differentiation of Th2 cells that drive allergic inflam-
mation (Zheng et al. 1997). Blocking GATA-3 with an antisense oligonucleotide
or a dominant-negative mutant prevents the differentiation of Th2 cells and the
development of eosinophilic inflammation in mice (Zhang et al. 1999; Finotto et
al. 2001), but development of a small molecule inhibitor of GATA-3 may be diffi-
cult until the specific activation pathway for this transcription factor have been
identified. An alternative approach is to activate the opposing transcription
factor T-bet which is reduced in asthma (Finotto et al. 2002).

5
Signal Transduction Inhibitors

Many signal transduction pathways are activated in inflammatory diseases and
there is a complex interaction between these pathways. Kinases play a key role
in the regulation of these pathways, many of which involve sequential phosphor-
ylation of regulatory molecules. Many approaches in drug development involve
discovering selective inhibitors of kinases (Cohen 2002).

There are three major mitogen-activated protein (MAP) kinase pathways and
there is increasing recognition that these pathways are involved in chronic in-
flammation (Karin, 1998; Johnson et al. 2002).
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5.1
p38 MAP Kinase Inhibitors

There has been particular interest in the p38 MAP kinase pathway which is in-
volved in expression of multiple inflammatory proteins that are relevant to
asthma and COPD (Carter et al. 1999; Lee et al. 2000; Meja et al. 2000). p38 MAP
kinase is blocked by a novel class of drugs, the cytokine suppressant anti-in-
flammatory drugs (CSAIDs), such as SB203580, SB 239063 and RWJ67657.
These drugs inhibit the synthesis of many inflammatory cytokines, chemokines
and inflammatory enzymes. Interestingly, they appear to have a preferential in-
hibitory effect on synthesis of Th2 compared to Thl cytokines, indicating their
potential application in the treatment of atopic diseases (Schafer et al. 1999).
Furthermore, p38 MAPK inhibitors have also been shown to decrease eosinophil
survival by activating apoptotic pathways (Kankaanranta et al. 1999) and appear
to be involved in corticosteroid resistance (Irusen et al. 2002). SB 239063 re-
duces (1) neutrophil infiltration after inhaled endotoxin and (2) the concentra-
tions of IL-6 and MMP-9 in bronchoalveolar lavage fluid of rats, indicating its
potential as an anti-inflammatory agent in COPD (Underwood et al. 2000).

p38 MAP kinase inhibitors are now in phase I development. Whether this
new class of anti-inflammatory drugs will be safe in long-term studies remains
to be established; it is likely that such a broad-spectrum anti-inflammatory drug
will have some toxicity, but inhalation may be a feasible therapeutic approach.

5.2
JNK Inhibitors

Other MAP kinases are also involved in the inflammatory process in asthma.
¢-Jun N-terminal kinases (JNK) may be involved in activation of the transcrip-
tion factor AP-1, and small molecule inhibitors have now been developed that
have anti-inflammation effects in animal models (Huang et al. 2001). Steroid
resistance in asthma is associated with increased activation of JNK (Sousa et al.
1999).

53
Syk Kinase Inhibitors

Syk (p72%*) kinase is a protein tyrosine kinase that plays a pivotal role in sig-
nalling of the high-affinity IgE receptor (FceRI) in mast cells, and in syk-defi-
cient mice mast cell degranulation is inhibited, suggesting that this might be an
important potential target for the development of mast cell stabilising drugs
(Costello et al. 1996). Syk is also involved in antigen receptor signalling of B and
T lymphocytes and in eosinophil survival in response to IL-5 and GM-CSF
(Yousefi et al. 1996), so that Syk inhibitors might have several useful beneficial
effects in atopic diseases. Aerosolised Syk antisense oligodeoxynucleotide in-
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hibits allergen-induced inflammation in a rat model, indicating that this may be
a target for drug development (Stenton et al. 2002).

54
Lyn Kinase Inhibitors

Another tyrosine kinase, Lyn, is upstream of Syk, and an inhibitor of Lyn ki-
nase, PP1, has an inhibitory effect on inflammatory and mast cell activation
(Amoui et al. 1997). Lyn is also involved in eosinophil activation and IL-5 sig-
nalling (Adachi et al. 1999; Lynch et al. 2000), and a Lyn blocking peptide in-
hibits eosinophilic inflammation in a murine model (Adachi et al. 1999). Since
Lyn and Syk are widely distributed in the immune system, there are doubts
about the long-term safety of selective inhibitors, however.

5.5
EGF Receptor Kinase

Epidermal growth factor receptors (EGFR) may play a critical role in the regula-
tion of mucus secretion from airways in response to multiple stimuli (Takeyama
et al. 1999). An orally active small molecule inhibitor of EGFR tyrosine kinase
gifitinib (Iressa) has now been developed for the treatment of epidermal can-
cers, but may also suppress mucus secretion (Wakeling 2002). However, treat-
ment of the underlying inflammation that drives mucus hypersecretion in
asthma, via release of IL-13 and other cytokines, is more likely to be useful,
since mucus hypersecretion is not an isolated problem. Similarly, in COPD it is
likely that EGFR is a major mechanism of mucus hypersecretion, so that EGFR
kinase inhibitors may be successful in inhibiting this aspect of disease and may
be useful in patients with chronic bronchitis (Takeyama et al. 2001). However,
the mucus hypersecretion in COPD is likely to be secondary top neutrophilic
inflammation in the large airways and so may be better treated by drugs that in-
hibit the neutrophilic inflammatory response.

5.6
Phosphoinositide 3-Kinase Inhibitors

Phosphoinositide (PI)-3Ks are a family of enzymes that lead to the generation
of lipid second messengers that regulate a number of cellular events. A particu-
lar isoform, PI-3Ky, is involved in neutrophil recruitment and activation.
Knock-out of the PI-3Ky gene results in inhibition of neutrophil migration and
activation, as well as impaired T lymphocyte and macrophage function (Sasaki
et al. 2000). This suggests that selective PI-3Ky inhibitors may have relevant
anti-inflammatory activity in COPD.
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6
Immunomodulators

T lymphocytes may play a critical role in initiating and maintaining the inflam-
matory process in allergic diseases via the release of cytokines that result in eo-
sinophilic inflammation, suggesting that T cell inhibitors may be useful in con-
trolling asthmatic inflammation. As mentioned above, the non-specific immu-
nomodulator cyclosporin A reduces the dose of oral steroids needed to control
asthma in patients with severe asthma (Alexander et al. 1992), but its efficacy is
very limited (Nizankowska et al. 1995) and a meta-analysis concluded that it
was ineffective in treating chronic asthma (Evans et al. 2001). Side effects, par-
ticularly nephrotoxicity, limit its clinical use. The possibility of using inhaled
cyclosporin A is now being explored, since in animal studies the inhaled drug is
effective in inhibiting the inflammatory response in experimental asthma
(Morley 1992).

6.1
New Immunomodulators

Immunomodulators, such as tacrolimus (FK506) and sirolimus (rapamycin),
appear to be more potent but are also toxic and may offer no real advantage.
Topical tacrolimus is effective in atopic dermatitis and is well tolerated, suggest-
ing that it might also be useful in asthma (Bieber 1998). Novel immunomodula-
tors that inhibit purine or pyrimidine pathways, such as mycophenolate mofetil,
leflunomide and brequinar sodium, may be less toxic and therefore of greater
potential value in asthma therapy (Thompson et al. 1993). Mycophenolate in-
hibits IL-5 production from a peripheral blood mononuclear cell preparation
from patients with asthma, indicating that it might be useful (Powell et al.
2001), but no clinical studies of this drug have been reported in asthma.

CD4™ T cells have been implicated in asthma and a chimeric antibody direct-
ed against CD4" (keliximab) which reduces circulating CD4" cells appears to
have some beneficial effect in asthma (Kon et al. 1998), although long-term safe-
ty of such a treatment might be a problem. Furthermore, there is increasing evi-
dence that CD8" cells (Tc2 cells), through release of IL-5 and other cytokines,
might also be involved in allergic diseases, particularly in response to infections
with certain viruses (Schwarze et al. 1999).

In COPD the potential for immunomodulators has yet to be explored. CD8*
cells may play a key role in the development of emphysema and are therefore a
potential target for inhibition (Cosio et al. 2002).

6.2
Th2 Cell Inhibitors

One problem with these non-specific immunomodulators is that they inhibit
both Thl and Th2 cells, and therefore do not restore the imbalance between
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these Thl and Th2 cells in atopy. They also inhibit suppresser T cells (Tc cells)
that may modulate the inflammatory response. Selective inhibition of Th2 cells
may be more effective and better tolerated, and there is now a search for such
drugs. One approach is to block the chemokine receptors expressed on Th2 cells
that recruit these cells to the airways, namely CCR4, CCR8 and CXCR4, as dis-
cussed in the earlier chapter, “Cytokine Modulators”. As discussed above, PGD,
activates a novel chemoattractant receptor termed chemoattractant receptor of
Th2 cells (CRTH2), which is expressed on Th2 cells, eosinophils and basophils
and mediates chemotaxis of these cell types (Hirai et al. 2001; Sawyer et al.
2002). There is now a search for small molecule inhibitors of CRTH2.

Suplatast tosilate (IPD-1151T), is a dimethylsulphonium compound which in-
hibits the release of cytokines (IL-4, IL-5) from Th2 cells without effects on
IFN-y from Thl cells in vitro (Oda et al. 1999). In clinical studies this drug has
some clinical benefit in symptomatic asthmatic patients (Tamaoki et al. 2000)
and reduces markers of inflammation and airway hyperresponsiveness (Yoshida
et al. 2002). However, it has a short duration of action and it has not been com-
pared to inhaled corticosteroids. The drug is only available in Japan and its
mechanism of action is uncertain.

6.3
Co-stimulation Inhibitors

Co-stimulatory molecules may play a critical role in augmenting the interaction
between antigen-presenting cells and CD4" T lymphocytes (Djukanovic 2000).
The interaction between B7 and CD28 may determine whether a Th2-type cell
response develops, and there is some evidence that B7-2 (CD86) skews towards
a Th2 response. Blocking antibodies to B7.2 inhibits the development of specific
IgE, pulmonary eosinophilia and AHR in mice, whereas antibodies to B7.1
(CD80) are ineffective (Haczku et al. 1999).

A molecule on activated T cells CTL4 appears to act as an endogenous inhibi-
tor of T cell activation and a soluble fusion protein construct CTLA4-Ig is also
effective in blocking AHR in a murine model of asthma (Van Oosterhout et al.
1997), although it appears to be less effective when the allergic inflammation is
severe (Deurloo et al. 2001). Anti-CD28, anti-B7.2 and CTLA4-Ig also block the
proliferative response of T cells to allergen (van Neerven et al. 1998), indicating
that these are potential targets for novel therapies that should be effective in all
atopic diseases.

Inducible co-stimulator (ICOS) is a costimulatory molecule related to CD28
and binds to a B7-like molecule B7RP-1. ICOS appears to be important in polar-
ising the immune response and an antibody to ICOS blocks Th2 cell develop-
ment, whereas CD28 plays a role in priming T cells (Gonzalo et al. 2001). The
ICOS pathway is also critical for the development of regulatory T cells that
secrete IL-10 and suppress the allergic inflammatory response (Akbari et al.
2002), so that stimulating rather than blocking its action may be beneficial.
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7
Preventive Strategies in Asthma

Atopy, which underlies most asthma, appears to be due to immune deviation
from Thl to Th2 cells, which may arise because of a failure to inhibit the normal
Th2 preponderance at birth as a result of lack of environmental factors (infec-
tions, and endotoxins) that stimulate a Th1 response.

741
Specific Allergen Vaccination (Immunotherapy)

Subcutaneous injection of small amounts of purified allergen has been used for
many years in the treatment of allergy, but is not very effective in asthma and
has a risk of serious side effects (Barnes 1996; Creticos et al. 1996). The molecu-
lar mechanism of desensitisation is unknown, but may be related to stimulation
of IL-10 release from regulatory T cells (Akdis et al. 1998). Cloning of several
common allergen genes has made it possible to prepare recombinant allergens
for injection, although this purity may detract from their allergenicity, as most
natural allergens contain several proteins. Intramuscular injection of rats with
plasmid DNA expressing house dust mite allergen results in its long-term ex-
pression and prevents the development of IgE responses to inhaled allergen
(Hsu et al. 1996). This suggests that allergen gene immunisation with a DNA
vaccine might be a therapeutic strategy in the future.

7.2
Peptide Immunotherapy

Small peptide fragments of allergen (epitopes) are able to block allergen-in-
duced T cell responses without inducing anaphylaxis (Yssel et al. 1994). T cell-
derived peptides from cat allergen (fel d1) appear to be effective in blocking al-
lergen responses to cat dander (Norman et al. 1996), but may induce an isolated
late response to allergen by direct T cell activation followed by prolonged hy-
poresponsiveness (Haselden et al. 2001). Fel d1 peptides inhibit the cutaneous
response to cat allergens, but whether this will be a useful strategy in asthma is
not yet certain. One problem of this approach is that there are differences be-
tween individuals in recognising T cell peptides epitopes, so this approach may
not be effective in all patients.

7.3
Vaccination

A relative lack of infections may be a factor predisposing to the development
of atopy in genetically predisposed individuals, leading to the concept that vac-
cination to induce protective Thl responses to prevent sensitisation and thus
prevent the development of atopic diseases. Bacillus Calmette-Guérin (BCG)
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vaccination has been associated with a reduction in atopic diseases in Japan
(Shirakawa et al. 1997), but this has not been confirmed in a Swedish population
(Strannegard et al. 1998). BCG inoculation in mice 14 days before allergen sensi-
tisation reduced the formation of specific IgE in response to allergen and the eo-
sinophilic response and AHR responses to allergen, with an increase in produc-
tion of IFN-y (Herz et al. 1998). This has prompted several clinical trials of BCG
to prevent the development of atopy. In one study, BCG vaccination has been
shown to improve asthma control and reduce markers of Th2 activation (Choi
et al. 2002).

Similar results have been obtained in mice with a single injection of heat-
killed Mycobacterium vaccae, another potent inducer of Thl responses (Wang et
al. 1998) and with Listeria. Lactobacillus acidophilus in yoghurt, another poten-
tial means of tipping back the balance from Th2 to Th1 cells, weakly increases
IEN-y formation in adult asthmatic patients (Wheeler et al. 1997). In a clinical
study M. vaccae had no effect on clinical parameters of asthma, IgE or cytokine
profile, however (Shirtcliffe et al. 2001). Recent work has suggested that the
effect of M. tuberculosis is mimicked by the chaperonins Cpn 60.1 and Cpn 10
(Riffo-Vasquez et al. 2003).

74
CgP Oligonucleotides

Immunostimulatory DNA sequences, such as unmethylated cytosine-guanosine
dinucleotide-containing oligonucleotides (CpG ODN), are also potent inducers
of Thl cytokines through stimulation of IL-12 release (Horner et al. 2001) and
in mice administration of CpG ODN increases the ratio of Thl to Th2 cells, de-
creases formation of specific IgE and reduces the eosinophilic response to aller-
gen, an effect which lasts for over 6 weeks (Sur et al. 1999). CpG ODN treatment
is also able to reverse established allergen-driven eosinophilic inflammation in
mice (Kline et al. 2002) and reverse airway hyperresponsiveness in mice sensi-
tised to ragweed pollen antigen (Santeliz et al. 2002). These promising animal
studies encourage the possibility that CpG ODN and DNA vaccines might pre-
vent or cure atopic diseases in the future and clinical trials are currently under-
way (Agrawal et al. 2002).

Although these approaches aimed at tipping the balance back in favour of
Th1 responses are promising in terms of disease modification, there are con-
cerns that a therapeutic shift might increase the chance of developing Thl-me-
diated diseases, such as autoimmune diseases, multiple sclerosis, inflammatory
bowel disease, rheumatoid arthritis and diabetes. These concerns particularly
apply to infants.
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8
Remodelling Agents

Since a major mechanism of airway obstruction in COPD is due to loss of elastic
recoil due to proteolytic destruction of lung parenchyma, it seems unlikely that
this could be reversible by drug therapy, although it might be possible to reduce
the rate of progression by preventing the inflammatory and enzymatic disease
process. Retinoic acid increases the number of alveoli in developing rats and,
remarkably, reverses the histological and physiological changes induced by elas-
tase treatment of adult rats (Massaro et al. 1997; Belloni et al. 2000). Retinoic
acid activates retinoic acid receptors, which act as transcription factors to regu-
late the expression of many genes involved in growth and differentiation. The
molecular mechanisms involved and whether this can be extrapolated to hu-
mans is not yet known. Several retinoic acid receptor subtype agonists have
now been developed that may have a greater selectivity for this effect and there-
fore a lower risk of side effects. A short-term trial of all-trans-retinoic acid in
patients with emphysema did not show any improvement in clinical parameters
is currently underway (Mao et al. 2002).
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